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Flowering in plants is one of the crucial developmental events controlled by the 
multiple environmental stimuli. Vernalization is the response to the exposure to the 
prolonged cold to achieve the molecular competence for a subsequent floral transition. 
The main regulator of the vernalization response, FLOWERING LOCUS C (FLC), is 
highly expressed to prevent precocious flowering before vernalization but becomes 
repressed during vernalization. The studies on the repression of FLC by vernalization 
have focused mostly on the transcriptional suppression of the locus achieved by 
components of POLYCOMB REPRESSION COMPLEX (PRC) and VERNALIZATION 
INSENSITIVE 3 (VIN3). These regulators contribute to the deposition of the repressive 
histone marks, the methylation of histone H3 lysine 27, at the FLC locus. However, the 
mechanisms to regulate other histone modifications during vernalization remain unclear. 
One of active histone marks, tri-methylated histone H3 lysine 4, is enriched at FLC 
before vernalization but the enrichment decreases by vernalization. Two JmjC-domain 
containing demethylases, JMJ16 and JMJ19, are induced by vernalization and are 
involved in the reduction of tri-methylated H3K4 at the FLC locus redundantly. These 
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demethylases, JMJ16 and JMJ19, are directly targeted to the FLC locus and interact with 
the cold-induced VIN3 protein. Another histone active mark, histone acetylation, is also 
highly enriched at the FLC locus. However, the mechanisms and regulators responsible 
for balancing the level of the acetylation at the FLC locus have not been fully 
characterized. The phenotypic analysis of the mutants of deacetylases revealed that two 
deacetylases, SRT1 and HDT1, are involved in the short day-specific flowering 
mechanism. The srt1 and hdt1 mutants exhibit the early flowering and the late flowering, 
respectively under short days in consistent with changes in expression of FLC. These 
results suggest that two histone deacetylases, SRT1 and HDT1, are associated with the 
short-day specific flowering regulation in Arabidopsis and may use the different 
regulatory mechanism on the target gene, FLC.  
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Chapter 1. Flowering Pathways and regulation of FLC  
1.1  Flowering pathways in Arabidopsis 
Flowering is the transition from vegetative growth to the reproductive 
development of plants, which plays a crucial role in plants’ life cycle. Plants have internal 
mechanisms that respond to various endogenous and environmental signals to achieve 
flowering at the proper time during a year and therefore maximize their reproductive 
success (Mylne et al., 2004).  Long-day flowering plant Arabidopsis thaliana has been 
studied as a model system to understand complex genetic networks of flowering 
(Srikanth and Schmid, 2011). In Arabidopsis, six major flowering mechanisms have been 
identified and studied: photoperiod, vernalization, autonomous, gibberellin (GA), 
ambient temperature, and age pathway (Bohlenius et al., 2006; Song et al., 2012; Kim et 
al., 2009; Davis, 2009; Wang, 2014). These pathways eventually regulate floral meristem 
identity genes in the shoot apical meristem (SAM), resulting in flower organ 
development (Corbesier et al., 2007) (Fig 1). 
Many plants use the relative change in the length of day and night (photoperiod) 
throughout the year to adjust their timing of flowering according to the seasonal 
variations. In Arabidopsis, FLOWERING LOCUS T (FT) encodes a florigen, and that the 
expression of FT is induced in the leaves under long days and FT protein moves to the 
shoot apex to promote flowering (Huang et al., 2005). The high level of FT expression is 
mediated by the transcriptional activator CONSTANS (CO) that also helps other floral 
integrator genes, including SUPPRESSOR OF OVEREXPRESSOR OF CO 1 (SOC1) 
(Putterill et al., 1995; Lee and Lee, 2010). GIGANTEA (GI) is an upstream regulator of 
CO and is involved in the circadian clock mechanism (Fowler et al., 1999). In the 
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photoperiod pathway, the module of GI-CO-FT takes the main role in floral transition in 
Arabidopsis.  
The autonomous pathway mediate flowering independently of the photoperiod 
pathway. Genes in the autonomous pathway have been identified as repressors of the 
floral repressor, FLOWERING LOCUS C (FLC). The autonomous pathway genes 
regulate the expression of FLC through RNA binding/processing or chromatin 
remodeling. For example, FCA, FPA, and FLK contain an RNA binding domain and, FY 
is an RNA-processing factor. FLD and REF6 are chromatin regulators mainly involved in 
histone demethylation (Kim et al., 2009; Baurle et al., 2008, Noh et al., 2004).  
In Arabidopsis, gibberellic acid (GA) plays roles in various developmental 
programs, including germination, organ development, phase transitions, and floral 
initiation. The initiation of flowering that is promoted by GAs has been well studied and 
GAs function through the activation of floral integrator genes including SOC1, LEAFY 
(LFY), and FT (Davis et al., 2009; Mutasa-Gottgens and Hedden, 2009). Mutations in 
genes involved in GA biosynthesis and signaling pathways affect the flowering time in 
Arabidopsis.  
Vernalization is a response to the prolonged exposure to cold which results in the 
promotion of flowering in spring in many plant species (Song et al., 2012). The 
promotion of flowering by the long-term cold is achieved by the transcriptional 
repression of FLC, which encodes an MADS-box protein (Michaels and Amasino, 1999). 
FLC is a major floral inhibitor and suppresses the expression of a series of downstream 
floral integrators required for the floral transition. During vernalization, the slow but 
stable repression of FLC allows the release of several floral integrators, rendering the 




1.2  Vernalization pathway 
In many plant species, the prolonged exposure to the cold temperature of the 
winter season accelerates flowering, and vernalization is a necessary process for 
flowering in some species. Especially in many crop species, the requirement of 
vernalization prevents the precocious flowering during the first growing season and 
allows the plant to flower at the favorable growth condition in the spring after the 
extended period of winter cold. Some strains of Arabidopsis also require vernalization 
treatment to achieve the acceleration of flowering. Vernalization response varies in the 
duration of cold exposure depending on plant species (Bernier et al., 1981; Chouard, 
1960; Lang, 1965).  
The competence to flower given by vernalization is stable, so that the competence 
is maintained even after plants are brought back to warm temperature. The molecular 
changes throughout the subsequent mitotic division during vernalization are stable to 
prevent plants from removing the effect of vernalization when the cold stimulus 
disappears (Dennis and Peacock, 2007; Kim et al., 2009). However, the memory of 
vernalization does not persist from one generation to the next generation because the 
molecular changes that were obtained by vernalization are not maintained when cells 
undergo meiosis. In the successive generation of plants, vernalization is again required to 
establish the competence to flower (Michaels and Amasino, 2000). 
In vernalization, plants undergo two distinct processes, the perception of cold, and 
the stable change in gene expression. Optimal vernalization treatment requires the low 
temperature at near but above freezing temperatures and sufficient periods of cold 
exposure. The optimal temperature and the length of cold exposure vary depending on 
plant species (Lang, 1965). Therefore, how to perceive and measure the duration of cold 
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is an important mechanism to obtain the advantage of vernalization in plants. After the 
sufficient length of the proper cold exposure to plants, a cascade of changes in gene 
expression occurs, achieving mitotically stable repression of floral repressors genes and 
chromatin states followed by activation of floral integrator genes (Bastow et al., 2004; 
Sung and Amasino, 2004).  
 
1.3  Regulation of FLC during the course of vernalization 
FLC is a floral repressor that confers a requirement of vernalization to promote 
flowering in the following spring (Michaels and Amasino, 1999; Sheldon et al., 1999). 
FLC encodes an MADS-box protein that functions as a transcriptional repressor by direct 
binding to several floral promoting genes, including FT and SOC1 (Helliwell et al., 2006; 
Searle et al., 2006).   
Before vernalization, the expression of FLC requires FRIGIDA (FRI) that 
maintains sufficient levels of FLC expression to repress flowering during fall in winter-
annual accessions (Michaels and Amasino, 1999; Sheldon et al., 1999). It has been 
reported that FRI directly associates with Cap binding protein 20 (CBP20), a component 
of the nuclear cap-binding complex, and binds to the 5’ end of the mRNA sequentially. 
Loss of CBP20 resulted in the decreased level of FLC mRNA coupled with the increased 
proportion of unspliced transcripts of FLC, indicating that the activation of FLC 
expression by FRI occurs through nuclear CBC with the RNA-binding mechanism 
(Geraldo et al., 2009). There are other group of genes that functions in the activation of 
FLC by FRI. FRI-LIKE 1 (FRL1), FRI ESSENTIAL (FES1), SUPPRESSOR OF FRI4 
(SUF4), and FLC EXPRESSOR (FLX) form a FRI transcription activator complex (FRI-
C) to recruit these proteins to FLC chromatin with chromatin-modifying complexes (Choi 
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et al., 2011). Also, the allelic variation at FRI is likely to be the primary determinant of 
various flowering response to ambient temperature in nature (Balasubramanian et al., 
2006).  
Other genes that are involved in the activation of FLC before vernalization have 
been reported. PHOTOPERIOD-INDEPENDENT EARLY FLOWERING (PIE1), a gene 
that encodes a member of the ISWI class of ATP-dependent chromatin-remodeling 
proteins, is required for the activation of FLC (Noh and Amasion, 2003). Arabidopsis 
homologs of trxG protein Trithorax(TRX), ARABIDOPSIS TRITHORAX1, 2 (ATX1, 
ATX2) (Alvarez-Venegas and Avramova, 2001; Baumbusch et al., 2001) are other known 
activators of FLC. ATX1 contains a SET domain that has both histone binding and 
histone methyltransferase (HMT) activity (Rea et al., 2003; Katsani et al., 2001). The 
mutations of these activator genes lead to early flowering, corresponding to a reduction of 
FLC transcription level (Noh and Amasino, 2003; Pien et al., 2008).   
Vernalization triggers the reduction of FLC transcript via a mitotically stable 
epigenetic repression (Sung and Amasino, 2004). Using forward genetics approaches, a 
group of mutants that shows insensitivity to vernalization, leading plants to flower very 
late even after the vernalization treatment, have been found and studied for their function 
in the vernalization pathway. These genetic screens have revealed the following genes: 
VERNALIZATION 1(VRN1), VRN2, VERNALIZATION INSENSITIVE 3 (VIN3), 
VRN5/VIN3-LIKE 1 (VIL1), and atPRMT5 (Bastow et al., 2004, Gendall et al., 2001, 
Greb et al. 2007, Schmitz et al., 2008, Sung et al., 2006). All mutants of the above genes 
fail to stably repress FLC transcription in response to vernalization. Among these genes, 
VIN3 displays a unique expression pattern during cold. The expression of VIN3 exhibits 
the vernalizing cold-specific induction pattern, and VIN3 quickly disappears upon the 
exposure to the following warm temperature (Sung and Amasino, 2004). The transient 
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expression pattern of VIN3 during vernalization suggests that VIN3 is essential to trigger 
the molecular events that stably repress FLC during vernalization. VIL1 was identified as 
a VIN3-interacting protein by a yeast two hybrid screen, and is a member of the VIN3 
gene family (Sung et al., 2006). vin3 and vil1 mutant both result in a vernalization-
insensitive phenotype and prevent FLC from the repression by blocking the accumulation 
of repressive histone modifications from FLC chromatin (Sung et al., 2006; Greb et al., 
2006). A Polycomb Repressive Complex 2 (PRC2)-like complex was identified in 
Arabidopsis, and this complex contains VRN2, CURLY LEAF (an Enhance of zeste 
homolog), SWINGER (an E(z) homolog) and FERTILIZATION-INDEPENDENT 
ENDOSPERM. This complex interacts with VIN3 and is involved in the early stages of 
the FLC repression by vernalization (Wood et al., 2006).  
The repression of FLC expression by the cold-induced VIN3 and PRC2 is 
maintained after the vernalization. In Drosophila, the maintenance of the suppression by 
PRC2 requires other repressive complex known as Polycomb Repression Complex 
1(PRC1) (Cao et al., 2002; Levine et al., 2004). However, the Arabidopsis genome does 
not carry any PRC1 component homologs (Hsieh et al., 2003), indicating that other 
protein that is not a component of PRC1 functions in the maintenance of FLC repression 
after the vernalization.  The study of Arabidopsis HETEROCHROMATIN PROTEIN1 
(HP1) homolog, LIKE HETEROCHROMATIN PROTEIN1 (LHP1) exhibited that LHP1 
is required to maintain the repressive state of FLC after the vernalization (Sung et al., 
2006; Mylne et al., 2006). The association of LHP1 with FLC chromatin increases, and 
maintains after the vernalization. LHP1 is involved in silencing euchromatic genes as 




1.4  Histone modifications at FLC chromatin 
The epigenetic regulation of genes modulates chromatin structure in response to 
environmental stimuli. An important mechanism of these regulations is the covalent 
modifications of the histone protein, including histone methylation, acetylation, 
phosphorylation, ubiquitylation, and sumoylation (Berr et al., 2012). The protein or the 
protein complex that established the histone modifications are called “writers”. After the 
histone modifications are generated, they become the signals recognized by other proteins 
called “readers”. The readers then recruit additional proteins to spread the histone 
modification to the neighboring chromatin or to remove the pre-established histone 
modifications. The proteins that remove the histone marks are called “erasers” (Chi et al., 
2010). Chromatin modifiers often include all of three types of proteins, writers, readers, 
and erasers. The combinatorial work of chromatin modifiers generates the dynamics of 
histone modifications in response to the environmental stimuli.  
Histone modifications can associate with the activation or the repression of gene 
expression. For example, di- and tri-methylation of lysine (K) residues of the histone H3 
at the position 4 (H3K4me2 and H3K4me3) are related to the actively expressed genes. 
Similarly, tri-methylation of histone H3 lysine 36 (H3K36me3) is also linked to the 
activation of genes. These are often referred as the activation marks on chromatin. On the 
other hand, di-methylation at histone H3 lysine 9 (H3K9me2) and tri-methylation at 
histone H3 lysine 27 (H3K27me3) are associated with the silenced genes. These are the 
repressive marks on chromatin. The activation marks and the repressive marks play the 
antagonistic roles in the regulation of gene expression and establish the balanced state at 
chromatin to mediate fine-tuned regulations (Greer and Shi., 2012; He et al., 2010; Yang 
et al., 2014).  
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The level of the FLC transcription is maintained high to prevent plants from 
flowering in the first growing season and sets a vernalization requirement in plants. 
Consistent with the high level of FLC expression before the vernalization, FLC 
chromatin is highly enriched with two activation marks, H3K4me3, and H3K36me3, 
before vernalization. ARABIDOPSIS TRITHORAX-LIKE1 (ATX1), ATX2, and 
ATXR7 have been characterized as the methyltransferases for H3K4 that promote the 
FLC expression by increasing the level of H3K4me3 at FLC chromatin (Pien et al., 2008; 
Tamada et al., 2009). Other Arabidopsis genes that are homologs of the yeast PAF1 
complex components PAF1 and CTR9, EARLY FLOWERING 7 (ELF7) and ELF8, are 
essential for the high FLC expression, and relate to the enrichment of H3K4me3 at FLC 
chromatin (He and Amasino, 2005, He et al., 2004). The mutations in the genes involved 
in the deposition of H3K4me3 at FLC resulted in early-flowering phenotypes with the 
decreased level of H3K4me3 enrichment at FLC chromatin before vernalization 
(Alvarez-Venegas et al., 2003; He et al., 2004; Pien et al., 2008; Saleh et al., 2008; Zhang 
and van Nocker, 2002). The level of H3K4 methylation is controlled not only by histone 
methyltransferases but also by histone demethylases (Liu et al., 2010; Klose and Zhang, 
2007). The human lysine-specific demethylases 1 (LSD1) has three homologs in 
Arabidopsis, which are FLOWERING LOCUS D (FLD), LSD1-LIKE1 (LDL1), and 
LDL2, and they are all FLC repressors (He et al., 2004; Liu et al., 2007; Jiang et al., 
2007). In fld mutant, the level of H3K4me2 and H3K4me3 are both up-regulated in the 
central region of FLC chromatin (Liu et al., 2007; Yu and Michaels, 2010; Jiang et al., 
2009). The mutants of LDL1 and LDL2 also display the increased expression of FLC 
through the methylation of H3K4 (Jiang et al., 2007).  
H3K36me3 is accumulated in gene bodies of the highly expressed genes as an 
indication of the active transcription (Vakoc et al., 2006; Roudier et al., 2011). The 
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enrichment patterns of H3K36me3 are slightly different from that of H3K4me3, another 
histone active mark, displaying a sharp peak at the promoter region with a mild 
accumulation across the gene body region (Yang et al., 2014). H3K36me3 is one of the 
histone marks displaying the interesting dynamics during vernalization. The 
accumulation of H3K36me3 is gradually decreased at FLC chromatin, coinciding with 
the increases of another repressive mark, H3K27me3 during vernalization. The change of 
H3K36me3 at FLC chromatin is quite distinctive from that of genes in other species. 
However, the similar pattern of H3K36me3 was observed in other Arabidopsis genes 
(Yang et al., 2014). In analysis of Arabidopsis genome, this pattern of H3K36me3 over 
the genic region was again found, and was different from the pattern of H3K36me3 in 
yeast and mammals (Roudier et al., 2011), indicating that the role of H3K36me3 in 
Arabidopsis is a bit different from that in other species. The profiles of H3K36me3 and 
H3K27me3 changes at FLC chromatin during vernalization exhibit the anti-correlations: 
decreasing H3K36me3 with increasing H3K27me3. This pattern suggests that 
H3K36me3 antagonizes H3K27me3 in Arabidopsis (Yang et al., 2014). SET DOMAIN 
GROUP 8 (SDG)/ EARLY FLOWERING IN SHORT DAYS (EFS) has been reported as 
the specific methyltransferase for H3K36 and H3K4 at FLC (Shafiq S et al., 2014; Rao B 
et al., 2005; Zhao Z et al., 2005; Ko JH et al., 2010; Tang X et al., 2012). The global 
levels of H3K36me3 significantly decrease in sdg8 mutant accompanied with the 
increase of H3K27me3 (Yang et al., 2014), indicating the antagonizing effect between 
H3K36me3 and H3K27me3.   
Although the level of H3K27me3 is inversely correlated with the level of 
H3K36me3, H3K27me3 itself is the important indicator of the repressive chromatin and 
is regulated by the multiple proteins. The protein that catalyzes H3K27me3 had been first 
reported in Drosophila melanogaster. Polycomb Repressive Complex 2 (PRC2) is a 
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complex that includes Extra Sex comb (ESC), Enhancer of zeste (E(Z)), Suppressor of 
zeste 12 (SU(Z)12), a p55 in Drosophila and catalyze tri-methylation of H3K27 in vivo 
(Muller et al., 2002, Ringrose and Paro, 2004; Ketel et al., 2005). Homologous genes of 
all components of the PRC2 complex are present in Arabidopsis genome, including three 
E(Z) homologs, CURLY LEAF (CLF), MEDEA (MEA), and SWINGER (SWN), three 
Su(z) 12 homologs, FERTILIZATION-INDEPENDENT SEED2 (FIS2), EMBRYONIC 
FLOWER2 (EFM2), and VERNALIZATIOM2 (VRN2), five p55 homologs, 
MULTICOPY SUPPRESSOR OF IRA (MSI) 1-5, and one homologs of Esc, 
FERTILIZATION-INDEPENDENT ENDOSPERM (FIE) (Pien and Grossniklaus, 2007;  
Liu et al., 2010; Guitton and Berger, 2005; Hennig et al., 2005). The E(Z) homologs, 
including CLF, MEA, and SWN, form the PRC2 complexes and catalyze H3K27me3 in 
Arabidopsis (Kohler et al., 2003; Wang et al., 2004; Derkacheva and Hennig, 2014). 
Three distinct PRC2 complexes are involved in the development of plants; FIS-PRC2 
complex, EMF2-PRC2 complex, and VRN2-PRC2 complex. The FIS-PRC2 complex is 
composed of MEA, FIS2, FIE, and MSI1. This complex functions in female gametophyte 
and seed development (Grossniklaus et al., 1998; Luo et al., 1999; Ohad et al., 1999; 
Kohler et al., 2003; Pien and Grossniklaus, 2007; Bemer and Grossniklaus, 2012). The 
EMF2-PRC2 complex is consist of EMF2, FLC, FIE, and MSI1 and functions in 
repression of floral transition. EMF2, CLF, and FIE participate in silencing the floral 
repressor FLC and FT, accompanied by the decrease in H3K27me3 at AGAMOUS (AG), 
AGAMOUS LIKE 19 (AGL19), FLC (Jiang et al., 2008; Liu et al., 2010). The clf mutant 
results in early flowering, curled leaves and the poor development of floral organs. The 
components in this complex exhibit the redundancy. SWN exhibits the redundancy with 
MEA and CLF. The double mutants, swn; mea and swn; clf, mutants result in stronger 
phenotypes than those in swn, mea, and clf single mutant with the great decrease of 
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H3K27me2/3 (Chanvivattana et al., 2004; Makarevich et al., 2006; Wang et al., 2006; 
Liu et al., 2010). The VRN2-PRC2 complex is consist of SWN/CLF, VRN2, FIE, and 
MSI1, triggering the spreading of H3K27me3 across FLC chromatin to maintain the 
repressed state of FLC during vernalization (Bastow et al., 2004; Finnegan and Dennis, 
2007; De Lucia et al., 2008). The VRN2 requires the VIN3 for the proper vernalization 
response in plants through a direct interaction (Wood et al., 2006). The defect in either 
protein compromises the vernalization response followed by up-regulation of FLC after 
vernalization. VIN3 is one of the members of the plant-specific protein family that 
contains both the plant homeodomain (PHD) and the fibronectin 3 (FNIII) domains. 
VIN3 is considered as the key regulator of vernalization response by binding to regions 
of the promoter and the first intron of FLC (Sung and Amasino, 2004). VIN3 mRNA is 
present only during vernalization whereas VRN2 mRNA is constitutively expressed. 
Besides, VIN3 is co-immunoprecipitated with VRN2 (Wood et al., 2006; De Lucia et al., 
2008). In vin3 and vrn2 mutants, H3K27me3 is not enriched at FLC chromatin, and FLC 
expression maintains high during vernalization (Bastow et al., 2004; Sung and Amasino, 
2004). Another VIN3-like protein, VIL1/VRN5, is also required for vernalization 
response and VIL1 was identified from a yeast two-hybrid screen that was designed for 
VIN3-interacting proteins (Sung et al., 2006) and vil1 mutant showed the reduced 
vernalization response (Grab et al., 2007).  
The mutants that showed the decreased H3K27me3 at FLC chromatin also 
showed the decreased the methylation of H3K9 (H3K9me) (Bastow et al., 2004; Sung 
and Amasino, 2004). H3K9me is also important as a repressive mark in heterochromatin 
(Schwartz and Pirrotta, 2007). Whereas VIN3 and VRN2 participate in both the 
methylation of H3K9 and H3K27, VRN1 is involved in only H3K9 methylation during 
and after vernalization. VRN1 encodes a DNA-binding protein containing two plant-
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specific B3 domains (Bastow et al., 2004; Sung and Amasino, 2004). Another protein, 
LHP1/TFL2 is an Arabidopsis homolog of human HP1 (Gaudin et al., 2001; Kotake et 
al., 2003), that is responsible for the formation and maintenance of heterochromatin 
structure by binding to the methylated H3K9 (Maison and Almouzni, 2004). 
 
1.5  Modifications of H3K4me3 at FLC chromatin 
Histone H3K4 methylation plays a major role in the regulation of gene 
transcription in eukaryotes. The state of methylation of histone H3K4 is dynamically 
controlled by H3K4 methyltransferases and demethylases. The lysine residue of histone 
H3 can be mono-, di-, and tri-methylated (Dou et al., 2006; Shilatifard, 2008). Among the 
three methylated states, H3K4me3 is correlated with the active gene expression and this 
histone mark is recognized by the evolutionarily conserved ATP-dependent chromatin 
remodeling units, leading the targeted region to the transcriptional activation (reviewed in 
Ruthenburg et al., 2007). The methylation of H3K4 is established by the Complex 
Proteins Associated with Set1 (COMPASS), that was found in Saccharomyces cerevisiae 
and contains a Set1 H3K4 methyltransferase (Miller et al., 2001). Complexes similar to 
COMPASS have been identified in other species. In human, COMPASS-like complexes 
including human SET1 complex and MLL1 complex were reported and are capable of 
catalyzing H3K4 methylation and activating target genes (Shilatifard, 2008). The core 
components of the COMPASS-like complexes are evolutionarily conserved and consisted 
of four proteins: a relative of yeast Set1 protein (methyltransferase) with three structural 
elements of Ash2, RbBP5, and WDR5 (Shilatifard, 2008). The core complex composed 
of these four proteins reconstituted in vitro displayed the specific methyltransferases 
activity on H3K4 (Dou et al., 2006). Another complex that contains the RNA Polymerase 
II-Associated Factor 1 (PAF1) also regulates the enrichment of H3K4me3 at target 
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chromatin. Mammalian PAF1-containing complex consists of six subunits (Paf1, Cdc73, 
Leo1, Ctr9, Rtf1, and Ski8) (Zhu et al., 2005; Kim et al., 2010). As an elongation factor 
in transcription, the Paf1-containing complex was shown to facilitate elongation (Chen et 
al., 2009). The Paf1-containing complex plays an essential role in the acquisition of 
transcription-associated histone modifications including the methylation of H3K4, 
H3K36, and H3K79, as well as H2B ubiquitinations (Krogan et al., 2003; Cao et al., 
2015; Mbogning et al., 2013). These two complexes, COMPASS and PAF1, physically 
associate to coordinate the transcription of target genes (Krogan et al., 2003).  
As stated above, the level of FLC transcription is tightly linked to the H3K4 
methylation in Arabidopsis. Two classes of proteins, the yeast SET1 class and a class of 
Drosophila melanogaster Trithorax (Trx) are the proteins that catalyze the methylation of 
H3K4 (Smith et al., 2004; reviewed in Shilatifard, 2008). The proteins in both classes 
contain the SET1 or SET1-related domains in Drosophila (Trx), and ten proteins were 
identified in Arabidopsis as putative H3K4 methyltransferases based on the similarity of 
Trx or Set1 domain in the structures (Springer et al., 2003; Jacob et al., 2009). Based on 
the SET domain and the other conserved domain that contains the plant homeodomain 
(PHD) finger within the structure, five proteins were designated ARABIDOPSIS 
TRITHORAX (ATX) 1-5 (Alvarez-Venegas and Avramova, 2001; Baumbusch et al., 
2001). The remaining five proteins were designated ARABIDOPSIS TRITHORAX-
RELATED (ATXR)1-4, and 7. Most of these proteins contain the Trx domains, except 
ATXR7 which has a full SET domain along with an RNA recognition motif in Set1 
(Reviewed in Avramova, 2009). The rapid-flowering phenotypes were observed typically 
in the mutants of the putative H3K4 methyltransferase genes. atx1 mutant exhibits a rapid 
flowering accompanied by the defect of floral organs (Alvarez-Venegas et al., 2003; Pien 
et al., 2008). atx1 mutant also shows the reduced FLC expression with reduced levels of 
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H3K4 methylation. atx1 and atx2 double mutant exhibit a rapid flowering in the presence 
of FRI (Pien et al., 2008), indicating the redundant function in the transcriptional 
activation of FLC. However, ATX1 and ATX2 might carry different biochemical 
functions (Saleh et al., 2008). Other Arabidopsis homolog of a component of human 
H3K4 methyltransferase complexes, WDR5a, also exhibits a rapid flowering in the 
mutant along with the reduced levels of FLC expression and H3K4me3 enrichment at 
FLC chromatin. However, a homolog of WDR5a, WDR5b, doesn’t show the flowering-
related phenotype in the mutant (Jiang et al., 2009). Similarly, the loss of ATXR7 causes 
the rapid flowering and the effect of loss of ATXR7 becomes greater when atxr7 was 
introduced into atx1 mutant, displaying a rapid flowering. This result indicates that 
ATXR7 and ATX1 are redundant each other. Also, the level of H3K4me3 is substantially 
reduced in atx1 atxr7 double mutant. Interestingly, the function of ATXR7 is related to 
that of the Paf1 complex (Tamada et al., 2009). The two Arabidopsis homologs of the 
yeast PAF1 complex components, ELF7 and ELF8 (He and Amasino, 2005), are required 
for high FLC expression with H3K4me3 enrichment at FLC chromatin. The lesions in 
ELF7 and ELF8 lead early flowering. Other Arabidopsis genes that were identified as the 
relatives of PAF1 are VERNALIZATION INDEPENDENCE 3 (VIP3), VIP4, VIP5 all 
display the early flowering with the reduced H3K4me4 level at FLC chromatin (Zhang et 
al., 2003; Zhang and van Nocker, 2002; He et al., 2004).  
The demethylation of the methylated H3K4 is also essential for the regulation of 
genes and chromatin structures. The methylation state of histone proteins is the result of 
coordination of methyltransferases and demethylases (Klose et al., 2006a; Klose et al., 
2006b; Shi et al., 2004). The reversibility of histone methylation in vivo has been 
discovered later compared to other covalent forms of histone modification. The amine 
oxidase LSD1 was the first histone demethylases discovered for demethylation of the 
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mono- and di-methylated H3K4 through an FAD-dependent oxidation reaction (Shi et al., 
2004). However, this type of demethylase lacks the ability to remove methyl groups from 
the tri-methylated H3K4. This observation led the studies to seek for other histone 
demethylases responsible for the demethylation of the tri-methylated H3K4 (Shi et al., 
2004). Subsequently, a family of JmjC domain-containing proteins was characterized as 
histone demethylases that can demethylate any states of histone lysine methylation at 
several different sites in yeast and animals (Klose et al., 2006b; Agger et al., 2007; Cloos 
et al., 2006; Whetstine et al., 2006).  
FLD, LDL1, and LDL2 are homologs of human LSD1 and are known as FLC 
repressors (He et al., 2003; Liu et al., 2007; Jiang et al., 2007). FLD reduces both the 
levels of H3K4me2 and H3K4me3 in the central region of FLC chromatin with the 
decrease of FLC expression (Liu et al., 2007). The LDL1 and LDL2 also reduce the 
H3K4 methylation at FLC chromatin followed by repression of floral transition (Jiang et 
al., 2007). Arabidopsis genome encodes twenty JmjC domain-containing proteins, and 
several JmjC domain-containing demethylases were characterized as regulators of 
flowering time control (Lu et al., 2010; Searle et al., 2010; Yang et al., 2010; Jeong et al., 
2009). Two JmjC domain-containing demethylases have been reported as H3K4-specific 
demethylases (Yang et al., 2012a; Yang et al., 2012b).  
 
1.6  Demethylases that function at FLC chromatin  
In 2004, the first histone lysine demethylase (KDM): human Lysine-Specific 
Demethylases 1 (LSD1)/ KDM was discovered (Shi et al., 2004).  LSD1 was identified 
in the histone demethylase complex displaying the activity for the mono- and di- 
methylated H3K4 (Shi et al., 2004; Pedersen and Helin, 2010; Mosammaparast and Shi, 
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2010). LSD1 contains three major domains: an N-terminal SWIRM (Swi3p/Rsc8p/Moira) 
domain, C-terminal AOL (amine oxidase like) domain, and a central protruding Tower 
domain (Stavropoulos et al. 2006). The AOL domain contains an FAD-binding 
subdomain forming a catalytic center (Binda et al., 2002). LSD1 catalyzes the 
demethylation of the H3K4 using the reduction of FAD to FADH2 (Anand and 
Marmorstein, 2007). Because of this characteristic, the tri-methylated lysine 4 of H3 
could not be the substrate for amine oxidases. By contrast, JmjC domain-containing 
demethylases are iron (II) alpha-ketoglutarate dependent oxygenases and can hydroxylate 
alkyl groups directly through a hydroxyl radical, which allows the demethylation of the 
tri-methylated H3K4. Therefore, the JmjC domain-containing demethylases require iron 
(II) and alpha-ketoglutarate as cofactors (Lan et al., 2008).   
Arabidopsis genome encodes 3 LSD1-type demethylases and 21 JmjC-domain 
containing demethylases. FLD, LDL1, and LDL2 are homologs of LSD1, and they 
function in repression of FLC through demethylation of H3K4 and DNA methylation at 
FWA accompanied by repression of FLC, respectively (Jang et al., 2007). The 20 JmjC-
domain-containing demethylases are divided into five distinct groups according to 
sequence similarities, including KDM4/JHDM3, KDM5/JARID1, JMJD6, 
KDM3/JHDM2 and the JmjC domain-only group. Each group proteins target specific 
histone lysine residues at different methylation states, showing significant variations in 
specificity (Fig 2) (Lu et al., 2008; Reviewed in Luo et al., 21014). JMJ11/ELF6 and 
JMJ1/REF6 are the proteins in KDM4 group. ELF6 is a repressor in the photoperiod 
pathway and REF6 represses FLC in flowering time regulation (Noh et al., 2004). 
Interestingly, REF6 was reported as an H3K27 demethylase, which means FLC is not 
likely to be a direct target of REF6 (Lu et al., 2011). JMJ14 has been reported as a 
demethylase for all three states of methylated H3K4, but mostly H3K4me3-specific 
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(Yang et al., 2012). The overexpression of JMJ15 results in an early flowering with the 
reduced level of H3K4me3 at FLC chromatin. However, the loss of JMJ15 does not 
affect flowering, indicating the redundancy of JMJ15 with other JmjC domain-containing 
demethylases (Yang et al., 2012). JMJ18 is another JmjC domain-containing demethylase 
affecting FLC expression through the level of H3K4me3. JMJ18 is predominantly 
expressed in phloem companion cells and promote the floral transition in Arabidopsis by 
binding to FLC chromatin and demethylating H3K4me3 (Yang et al., 2012).  
 
1.7  Acetylation and Deacetylation of FLC 
Histone acetylation and deacetylation are important post-translational 
modifications that are correlated with the gene activation and the deactivation. 
Transcriptionally active genes are often associated with the hyperacetylated histones, 
whereas inactive genes are linked with hypoacetylated histones (Hbbes et al., 1998; 
Sterner and Berger 2000; Boycheva et al., 2014). The levels of histone acetylation are 
controlled by two antagonistic enzymes, histone acetyltransferase (HAT) and histone 
deacetylases (HDAC), acting on the ε-amino group of lysine residues of histone proteins. 
The common acetylation targets are H3 lysine (K) residues 9,14, 18 and 23, and H4 
lysine (K) residues 8, 12, 16 and 20 (Fuchs et al., 2006). The addition of acetyl groups on 
the targets, mediated by HATs, neutralizes the positive charge of histone tails and 
decreases the affinity of histones for DNA (Kurdistani and Grunstein 2003). By this 
mechanism, the acetylation opens up the chromatin to allow the access of transcription 
factors and RNA polymerases to the DNA (Mustakov et al., 1998; Puig et al., 1998). 
Whereas, Hypoacetylation mediated by HDACs has an opposite effect on the chromatin, 
increases the negative charge of DNA leading more tightly binding of DNA to the 
histones. Consequently, hypoacetylation of histones is associated with the repression of 
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gene expression (Hebbes et al., 1988; Chen and Pikkard 1997; Chua et al., 2003). To sum 
up, HATs and HDACs interact with many the co-activator or co-repressor complexes 
respectively to regulate the expression of target genes post-transcriptionally (Utley et al., 
1998; Gonzalez et al., 2007).  
The Arabidopsis HATs are grouped into the four classes based on the homology 
between yeast and mammalian HATs, that are GCN5-related N-acetyltransferase 
(GNAT), MOZm Ybf2/Sas2 and Tip60 (MOZ), p300/CREB-binding protein 
(p300/CBP), and TATA-binding protein (TBP)-associated factor (TAF1) (Servet et al., 
2010). One of the GNAT-type HATs, GENERAL CONTROL NONDEREPRESSIBLE 5 
(GCN5), has been characterized as an acetyltransferase with the catalytic activity to the 
acetylated histone H3K14, H3K9, and H3K27 at the target gene promoters 
(Vlachonasios, 2003; Earley et al., 2007). GCN5 is involved in the terminal flower 
production and the abiotic stress related to temperature in Arabidopsis (Cohen et al., 
2009; Hu et al., 2015; Mao et al., 2006; Pavangadkar et al., 2010).   
CBP/p300-like genes (HAC genes) have been found in plants (Pandey et al., 
2002). The Arabidopsis HAC1 was demonstrated to possess an HAT1 activity (Bordoli et 
al., 2001). One of the functions of this HAC gene family is to regulate flowering time in 
Arabidopsis. The transcription level of FLC increases substantially in hac1 mutant 
compared to wild-type (Deng et al., 2007). HAC family genes are regulating flowering 
time in the autonomous floral pathway by negatively affecting the expression of FLC 
(Han et al., 2007).  
In Arabidopsis, 20 Histone deacetylases (HDACs) have been characterized, and 
these proteins can be categorized into three groups based on phylogenetic analysis. The 
first type is homologous to the yeast RPD3/HDA1 (Reduced Potassium Deficiency 3) 
that is the biggest groups of HDACs (Lusser et al., 1997). The second type is the HD-
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tuins that is only present in plants (Wu et al., 2000; Dangl et al., 2001). The third type is 
homologous to the yeast Sir2, which is a nicotinamide adenine dinucleotide (NAD)-
dependent enzyme, showing distinctive structure from other two group proteins (Frye 
2000; Pandey et al., 2002). (Fig 3)  
The RPD3 type HDACs consist of 12 putative members (Pandey et al., 2002). All 
members of this group share the histone deacetylase domain and can be sub-grouped into 
three classes. The HD-tuin type HDACs are plant-specific HDACs that were found first 
in maize (Lusser et al., 1997). In Arabidopsis, four HD proteins were reported; HDT1-
HDT4 (Wu et al., 2000; Dangle et al., 2001). The last type, Sir2 (silent information 
regulator 2) HDACs are a bit different from other two groups regarding the structure and 
functions. Unlike other HDACs, Sir-HDACs are inhibited by trichostatin A (TSA) or 
sodium butyrate (Jung et al., 1997). Arabidopsis genome encodes two Sir proteins, SRT1 
and SRT2, in this group.  
Several deacetylases function in the flowering pathways in Arabidopsis. HDA6 
controls flowering time through the interaction with FLD (Yu et al., 2011). Increased 
levels of the histone H3 acetylation and H3K4me3 at FLC chromatin, were observed in 
both hda6 and fld mutant. Therefore, similar delayed flowering were shown in hda6, fld, 
and double mutant. Another RPD3 class HDAC, HDA5, is also involved in flowering 
time control by repressing FLC and MAF1 expression. Interestingly, HDA5 forms a 
complex with HDA6, FLD, and FVE (Luo et al., 2015) indicating that these deacetylases 
might have additional functions through the interaction. There is a deacetylase mutant 
that showed early flowering, hda9 (Kang et al., 2015). HDA9 controls the flowering in 
independent of the FLC-mediated pathway, targeting FT through the deacetylation of 
AGL19 (Kang et al., 2015). However, the functions of deacetylases in the flowering 






Figure 1. Multiple flowering pathways in Arabidopsis.  
 
A summarized chart displaying Arabidopsis flowering pathways, including genes 
with relationships in each pathway. (modified from Katriina Mouhu et al., 2009). Five 
independent pathways are present above, gibberellin, photoperiod, light-quality, 
autonomous, and vernalization pathway. Some key components are shared by multiple 
pathways; CO is regulated by mostly components in photoperiod pathway as well as by 
those in the light-quality pathway; FLC is regulated by components of autonomous 
pathways before the exposure to cold and vernalization pathway component when 
vernalization.  
  
Multiple flowering pathways in Arabidopsis 





Figure 2. Comparison of the domain structure of histone lysine demethylases in 
Arabidopsis.  
 
(A) Lysine demethylase1/ lysine-specific demethylase1 (KDM1/LSD1) type 
demethylases. (B) Three groups of Jumonji C (JmjC) domain-containing proteins. 




C-terminal AOL (amine oxidase like) domain, and a central
protruding Tower domain (Stavropoulos et al. 2006; Yang
et al. 2006). The AOL domain contains two subdomains—
an FAD-binding subdomain and a substrate-binding
subdomain—forming a catalytic center at the interface of
these two subdomains (Binda et al. 2002a, b). LSD1 catalyzes
the demethylation of H3K4 histone lysine residues by
cleavage of the α-carbon bond of the substrate to generate
an imine intermediate. Following imine formation, hydration
to the N, O-hemiacetal and subsequent produces
formaldehyde and amine (Anand and Marmorstein 2007;
Culhane and Cole 2007). This reaction results in a hydride
transfer with reduction of FAD to FADH2 that is reoxidized
by molecular oxygen. It is clear that trimethyl-lysine residues
could not be the substrate for flavin amine oxidases because
they are not protonated. By contrast, the iron (II) α-
ketoglutarate dependent oxygenases (JmjC domain-
containing demethylases) can hydroxylate alkyl groups
directly through a hydroxyl radical, and the demethylation of
trimethyl-lysine substrates is plausible.
In Arabidopsis , four LSD1 homologues, LSD1-like 1
(LDL1), LSD1-like 2 (LDL2), LSD1-like 3 (LDL3) and
FLOWERING LOCUS D (FLD), have been identified
(Jiang et al. 2007) (Fig. 1a). Arabidopsis LDL1, LDL2 and
FLD were shown to remove methyl groups from mono- and
di-methylated but not tri-methylated histone H3K4, since the
H3K4me2 level is elevated at the target gene loci in ldl1 , ldl2 ,
fld mutant plants (Jiang et al. 2007). The rice genome also
contains four LSD1 homologues: HDM701, HDM702,
HDM703 and HDM704 (Lu et al. 2008).
JmjC domain-containing proteins are conserved
evolutionarily in plants, yeast and humans. JmjC domain-
containing demethylases are capable of demethylation of
different methylated lysine residues, requiring Fe(II) and α-
ketoglutarate as cofactors (Lan et al. 2008). The JmjC domain-
containing protein was first identified in mouse, and was
named for the neural plates in the mutant mice, which are
shaped like a cruciform (“jumonji” means cross in Japanese)
(Takeuchi et al. 1995). Recent systematic phylogenetic
analyses of these proteins revealed that there are 12
monophyletic sub-families in eukaryotes (Zhou and Ma 2008).
Three sub-families contain only animal-specific members,
whereas the PKDM7 (putative lysine demethylase 7), PK 8
and PKDM9 sub-families are plant-specific (Zhou nd Ma
2008).
The Arabidopsis genome encodes 21 JmjC domain-
containing proteins (Lu et al. 2008; Zhou and Hu 2010),
which are divided into five distinct groups according to
sequence similarities, including KDM4/JHDM3, KDM5/
JARID1, JMJD6, KDM3/JHDM2 and the JmjC domain-
only group (Fig. 1b). Different groups may target specific
histone lysines at different methylation states (Lu et al.
2008). A number of JmjC domain-containing proteins in
Arabidopsis were confirmed to have demethylase activities
(Table 1). JMJ14/PKDM7B (also known as JMJ4), a KDM5/
JARID1 group JmjC domain-containing protein, was
identified as a H3K4 demethylase (Jeong et al. 2009).
Recently, two other KDM5/JARID1 group JmjC domain-
containing proteins, JMJ15 and JMJ18, were also been
identified as H3K4 demethylases, since over-expression of
JMJ15 or JMJ18 reduced H3K4me3 levels in their target
genes (Yang et al. 2012a, b). JMJ25/IBM1—a KDM3/
JHDM2 JmjC domain-containing protein—was confirmed
as a H3K9 demethylase involved in DNA methylation
regulation (Saze et al. 2008). However, the KDM4/JHDM3
group JMJ12/REF6 was found to be a H3K27 demethylase






Fig. 1 Domain structure of histone lysine demethylases in Arabidopsis.
a Lysine demethylase1/lysine specific demethylase1 (KDM1/LSD1) type
demethylases. b Jumonj C (JmjC) domain-containing proteins
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In rice, 20 JmjC domain-containing proteins have been
identified (Lu et al. 2008; Zhou and Hu 2010). The rice
JmjC domain-containing protein JMJ706 was identified as
an H3K9 demethylase involved in the regulation of floral
organ development in rice (Sun and Zhou 2008), whereas rice
JMJ703 is an H3K4-specific demethylase required for
transposon silencing and stem elongation in rice (Chen et al.
2013; Cui et al. 2013).
Histone Lysine Demethylases Regulate Gene Expression
Through DNA Methylation and siRNA Regeneration
KDMs regulate gene expression not only directly through
histone demethylation, but also indirectly through DNA
methylation (Saze et al. 2008). In Arabidopsis , CGmethylation
is propagated during DNA repl icat ion by DNA
METHYLTRANSFERASE 1 (MET1), which robustly copies
methylation patterns on newly synthesized DNA strands. The
maintenance of asymmetrical CHH methylation is mostly
ensured by DOMAINS REARRANGED METHYLTRANSF
ERASE 2 (DRM2) in a process known as RNA-directed DNA
methylation (RdDM), which involves RNA polymerases IV
and V (Law and Jacobsen 2010). The perpetuation of CHG
methylation patterns is ensured largely by the plant-specific
chromomethylase CMT3, and genetic analyses suggest that
targeting of CMT3 to chromatin relies on H3K9me2
(Lindroth et al. 2004; Feng and Jacobsen 2011). More recently,
it was found that CMT3 associates with H3K9me2-containing
JmjC domain-only Group 
KDM3/JHDM2 Group
Fig. 1 (continued)
Table 1 Functions of histone lysine demethylases in Arabidopsis and rice
Protein Histone substrate KDM activity assay Function Reference
FLD H3K4 ChIP + in vivo assay Flowering time Liu et al. 2007
LDL1 H3K4 ChIP Flowering time Jiang et al. 2007
LDL2 H3K4 ChIP Flowering time Jiang et al. 2007
JMJ11/ELF6 H3K9 ChIP BR signaling Yu et al. 2008
H3K4 Flowering time Noh et al. 2004; Jeong et al. 2009
JMJ12/REF6 H3K9 ChIP + in vitro and in vivo assay BR signaling Yu et al. 2008
H3K4 Flowering time Noh et al. 2004; Ko et al. 2010;
Lu et al. 2011H3K27
H3K36
JMJ14/PKDM7B/JMJ4 H3K4 ChIP + in vitro and in vivo assay Flowering time Lu et al. 2010
de novo shoot regeneration Searle et al. 2010
siRNA regeneration Li et al. 2011
JMJ15 H3K4 ChIP + in vitro assay Flowering time Yang et al. 2012a
JMJ18 H3K4 ChIP + in vitro assay Flowering time Yang et al. 2012b
JMJ25/IBM1 H3K9 ChIP Seed, leaf and floral development Saze et al. 2008
siRNA regeneration Fan et al. 2012
JMJ30/JMJD5 Circadian regulation Jones et al. 2010
JMJ706 H3K9 ChIP + in vitro assay Floral development Sun and Zhou 2008
JMJ703 H3K4 ChIP + in vitro and in vivo assay Stem elongation Chen et al. 2013
Transposon silencing Cui et al. 2013
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Figure 3. Comparison of domain structure of histone deacetylases in Arabidopsis  
 
  (A) RPD3-like family HDACs. Green boxes and red regions indicate the 
conserved HDACs domain and the histone deacetylases activity sites, respectively. G, D, 
and E represent glycine-rich, aspartate-rich and glutamate-rich regions, respectively. CC 
represents a coiled-coil domain, and Zn represents a zinc finger domain. (B) HD-tuin 
HDACs. The small red boxes at the N-terminus represents the conserved EFWG region 
(functions repressive). The big red box in the HDT1 represents an acidic region required 
for repression. (C) Sirtuin HDACs. Blue boxes represent the Sir2 domain (modified from 
Hollender and Liu, 2008). 
 
  


































Figure 1. Domain organization of histone deacetylases (HDACs) in Arabidopsis thaliana.
(A) Type I (RPD3-like superfamily) HDACs. Green boxes represent the conserved HDAC domain. Red regions are active sites necessary for histone
deacetylase activity. ∗HDA2 isoform 2 is missing residues 268–387 and has a change at residue 253 from NRVYILDMY to SMIKTLYIS. ∗HDA2 isoform
3 is missing residues 208–235. HDA17 (At3G44490), which is similar to HDA9, is not shown.
(B) Type II (HD-tuins) HDACs. The red bar at the amino terminus represents the conserved EFWG region required for repression. The red box in the
HDT1 represents an acidic region required for repression.
(C) Type III (sirtuin) HDACs. Light blue boxes represent the conserved Sir2 domain.
In all cases, G, D and E represent high glycine-, aspartate- and glutamate-rich regions, respectively. CC represents a coiled-coil domain, and Zn
represents a zinc finger domain. Domain organizations are drawn based on the UniProtKB (http://beta.uniprot.org).
in inflorescences and floral tissues and low levels of expression
in vegetative tissues. In contrast, the two sirtuin family members
SRT1 and SRT2 exhibit very different expression profiles and
may act in different tissues, stages or processes. In addition,
the RPD3-class III (HDA2) and RPD3-unclassified (HDA8 and
HDA14) HDACs exhibited rather unique expression profiles,
with HDA14 the most unique among all HDACs, suggesting
a highly distinct function of HDA14.
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Chapter 2. Two novel JmjC domain-containing demethylases function 
at FLC chromatin during vernalization  
2.1  Introduction 
In most plants, the transition from the vegetative phase to the reproductive phase 
is a critical event in the life cycle. The prolonged cold of winter is one of the important 
determinants for plants to initiate flowering in the following spring. In biennials and 
winter annuals, the flowering is typically blocked in the first growing season and is 
overcome by the following cold winter. This cold-mediated initiation of flowering is 
called vernalization (Chouard, 1960; Bernier et al., 1981). In Arabidopsis, vernalization 
results in the suppression of the floral repressor, FLOWERING LOCUS C (FLC) 
(Michaels and Amasino, 1999), and the vernalization-mediated repression of FLC is 
stably maintained mitotically even after returning to warm temperature (Lee et al., 2000; 
Helliwell et al., 2006; Searle et al., 2006; Michaels and Amasino, 2001). By 
vernalization, FLC chromatin undergoes various histone modifications such as 
methylation of histone H3 Lys 9 (H3K9) and Lys 27 (H3K27) as well as H3 
deacetylation (Bastow et al., 2004; Sung and Amasion, 2004). VERNALIZATION 
INSENSITIVE 3(VIN3), a PHD-finger domain protein, is induced by vernalization and 
involved in the repression of FLC by multiple histone modifications (Sung and Amasino, 
2004). While the increase in these repressive histone marks, the active histone marks 
including tri-methylation of Histone H3 Lys 4 (H3K4me3) and tri-methylation of Histone 
H3 Lys 36 (H3K36me3) (Sung et al., 2006; Greb et al., 2007; Yang et al., 2014) 
gradually decrease by vernalization.  
The dynamics of various methylations of histone proteins is determined by a 
series of histone methyltransferases and demethylases (Liu et al., 2010; Klose and Zhang, 
2007). The amine oxidase LYSINE-SPECIFIC DEMETHYLASE 1 (LSD1) is the 
 24 
histone demethylase characterized in human that shows the demethylase activity on 
H3K4me2 and H3K4me1 (Shi et al., 2004). However, LSD1 demethylase is unable to 
remove methyl-groups from tri-methylated lysines, implying the presence of other 
histone demethylases functioning on tri-methylated lysines residues (Shi et al., 2004). 
JmjC domain-containing protein family was characterized as histone demethylase that 
exhibits the ability to reduce all states of histone lysine methylation at several specific 
sites in yeast and animals (Klose and Zhang, 2007; Mosammaparast and Shi, 2010; Klose 
et al., 2006). In Arabidopsis, more than 20 JmjC domain-containing genes have been 
identified, and they function in various biological processes, including flowering time, 
circadian clock regulation, BR signaling, and more (Noh et al., 2004, Lu et al., 2011, 
Yang et al., 2012, Yang et al., 2012a, Yang et al., 2012b). 
Some JmjC domain-containing proteins have been studied as their roles in 
flowering time control (Lu et al., 2011, Yang et al., 2012, Yang et al., 2012a, Yang et al., 
2012b). JMJ14 is a member of JARID/KDM5 and was reported as the H3K4me3 
demethylase involved in flowering time regulation through the repression of floral genes, 
including FLOWERING LOCUS T (FT), APETALA (AP1), SUPPRESSOR OF CO 
OVEREXPRESSION 1 (SOC1) and LFY (Lu et al., 2010). Other two proteins from 
JARID/KDM5 group, JMJ15 and JMJ18, were characterized as the H3K4me3-specific 
demethylases and they function in the repression of FLC chromatin (Yang et al., 2012a, 
Yang et al., 2012b). However, no JmjC domain-containing histone demethylases that 
affect vernalization has yet been found.  
In this study, we characterized JMJ16 and JMJ19, two JmjC domain-containing 
histone H3K4 demethylases, for their functions in the vernalization response. The loss of 
JMJ16 and JMJ19 resulted in the delayed flowering even after the vernalization treatment 
and results in the incomplete repression of FLC chromatin by vernalization. JMJ16 and 
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JMJ19 are enriched at FLC chromatin by vernalization and are responsible for the 
demethylation of H3K4me3 by vernalization. Besides, JMJ16 and JMJ19 physically 
interact with VIN3, the key regulator of FLC. Therefore, our results suggest that JMJ16 
and JMJ19 are two novel H3K4me3 demethylases that function in the vernalization 
pathway and their functions are associated with the cold-induced VIN3 protein to repress 
FLC by vernalization. 
2.2  Material and Methods 
2.2.1 Plant materials and growth conditions 
The Arabidopsis (Arabidopsis thaliana) Columbia-0 (Col-0) was used as the 
wild-type in this study. jmj15 (Gabi_663C11), jmj16 (Salk_029530C), jmj18 
(Sail_861_F02), jmj19 (Salk_025269C), vin3-1 were used in this study. Standard growth 
conditions were 22oC under illumination with white fluorescent light. The photoperiodic 
cycle was 16 hours light/ 8 hours dark (long days) or 8 hours light/ 16 hours dark (short 
day). For vernalization treatments, seeds were surface sterilized, placed on agar-solidified 
germination medium, and grown for 10 days in a 22oC growth chamber and transferred to 
4 oC for 40 days under short-day photoperiods.     
 
Gene Locus Mutant 
name 
Line  
JMJ15 AT2G34880 jmj15 GABI_663C11 
JMJ16 AT1G08690 jmj16 SALK_029530C 
JMJ18 AT1G30810 jmj18 SAIL_861_F02 
JMJ19 AT2G38950 jmj19 SALK_025269C 
JMJ16;JMJ19 AT1G08690;AT2G38950 jmj16;jmj19 SAIL_535_F09; 
GABI_931H03 
VIN3 AT5G57380 vin3-1 Sung and Amasino, 2004 
Table 1 The mutant lines used in this study 
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2.2.2 RNA extraction and quantitative real-time PCR analysis 
Ten-day-old seedlings were harvested for RNA extraction. Total RNA was 
extracted using the TRIzol Reagent (Thermo Fisher Scientific). Before reverse 
transcription, total RNA was treated for 30 minutes at 37 oC with RNase-free DNases I 
(Invitrogen) to eliminate contaminated genomic DNA, and then total RNA (2 to 3 
microgram) was used for cDNA synthesis using M-MLV reverse transcriptase 
(Promega). Quantitative real-time PCR reaction was done using SYBR green dye 
reaction mixture (Applied Biosystems) according to the manufacturer’s instructions. 
Real-time PCR reaction was performed on ViiA 7 Real-Time PCR system (Thermo 
Fisher Scientific). PCR primers used for quantitative real-time PCR analysis are listed in 
Table 2. The relative expression level of each gene was normalized using PP2A 
(AT1G13320) as described previously (Czechowski et al., 2005).  
 
Gene Name Sequence (5' to 3') 
JMJ15 JMJ15-real-F GAAGAGATCATGAGACGCAG 
JMJ15-real-R CTTATGGTTCCAATACTCCAC 
JMJ16 JMJ16-real-F CGTAGCCGGGTTAAGTACAT 
JMJ16-real-R TCTTACCATCTCCCAGCATC 
JMJ18 JMJ18-real-F GGGAACTCTCAGCTTCTGAG  
JMJ18-real-R CCTTCTCCATCTTCTTCAAG 
JMJ19 JMJ19-real-F GAGGAAGCTCCTGTGTTC 
JMJ19-real-R CTGAATTCCAAAGAGCTGAA 
FLC FLC-real-F GCCAAGAAGACCGAACTCATGTTGA 
FLC-real-R CAACCGCCGATTTAAGGTGGCTA 
FT FT-real-F GCTACAACTGGAACAACCTTTGGCA 
FT-real-R GGCCGAGATTGTAGATCTCAGCAA 
PP2A PP2A-real-F TATCGGATGACGATTCTTCGTGCAG 
PP2A-real-R GCTTGGTCGACTATCGGAATGAGAG 
 
Table 2 Primers used for RT-PCR 
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2.2.3 Chromatin Immunoprecipitation (ChIP) assay 
Chromatin Immunoprecipitation (ChIP) was performed as previously reported 
(Johnson et al., 2002) with some adjustment for each purpose. The samples of 10-day-old 
seedlings with no vernalization, 20 days/40 days vernalization, or 40 days vernalization 
followed by 10-days 22oC growing were used for ChIP analysis. The samples of 
seedlings including mutants (vin3, jmj16;jmj19) and transgenic (35S:: JMJ16-3XFLAG, 
35S:: JMJ19-3X-FLAG) plants were treated with no vernalization, 20 days/40 days 
vernalization, or 40 days vernalization followed by 10-days 22 oC growing were used for 
ChIP analysis. To elute DNA from immunoprecipitated complexes, phenol: chloroform: 
isoamyl (Sigma-Aldrich) precipitation followed by Ethanol precipitation was used.  
Antibodies recognizing H3K3me3 (EMD-Millipore catalog number 07-473, Abcam 
ab8580), FLAG-M2 (Sigma-Aldrich, F1084) were purchased and used for ChIP assay at 
a concentration of up to 10 micrograms per reaction. The quantitative real-time PCR 
reaction was performed using SYBR green dye reaction mixture (Applied Biosystems) 
according to the manufacturer’s instructions. Real-time PCR reaction was performed on 
ViiA 7 Real-Time PCR system (Thermo Fisher Scientific). The levels of enrichment of 
proteins at each locus are normalized by the enrichment of the protein at PP2A 
(AT1G13320) locus. PCR primers used for quantitative real-time PCR analysis in ChIP 
assay are listed in Table 3. 
 
2.2.4 Generation of transgenic plants 
cDNAs of JMJ16 and JMJ19 were cloned into the pPZP211 vector containing 3 
repeats of FLAG tag after the cloning site (cloned vectors by courtesy of Dr.Noh, Seoul 
Nat’l Univ). Each construct was transformed into plants with Col background. The 
Agrobacteria strain GV3101 and was used to generate the delivering constructs, and two 
 28 
day-grown transformed Agrobacterium was introduced into plants using floral dip 
methods (Clough and Bent, 1998). All transgenic lines were selected on selective 
antibiotic media and were confirmed by PCR and Western blot. 
 












Table 3. Primers used for ChIP-qPCR 
 
2.2.5 Flowering time analysis 
 Seeds on plates were stratified at 4°C for two days before being transferred to a 
short day growth chamber at 22°C for seven to ten days. In a short day chamber, plates 
were exposed to 8 hours light/ 16 hours dark per day. Seedlings were then transplanted 
before cold exposure to be used as a non-vernalized, NV sample. Some seedlings were 
transferred to 4°C refrigerator (complete with a light cycle set at 8 hours light/16 hours 
dark per day) to be treated with vernalization. Seedlings on plates were exposed to 40 
days of vernalizing cold. Additionally, plates were brought back to the 22°C short day 
growth chamber for 10 days after 40V. Ten to twelve seedlings of each line of each time 
points were transplanted to the soil to be used as a 40days-vernalized sample, 40V. 
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Rosette leaves of the plants were counted, and an average of the number amongst 
replicates was used to determine the flowering phenotype under each condition and lines.  
 
2.2.6 Co-Immunoprecipitation Assay 
Co-immunoprecipitaton (Co-IP) experiments were performed using 10 days-old 
seedlings with 40 days of vernalization.  0.4~0.5 g materials were collected and ground, 
and subsequently nuclear proteins were precipitated by extractions in 10ml of Extraction 
buffer 1 (2mM EDTA, 2mM DTT, 10mM HEPES (pH8.0), 40mM sucrose, 1mM 
phenylmethylsulphonyl fluoride, and 1x Roche proteinase inhibitors), 1ml of Extraction 
buffer 2 (10mM HEPES (pH8.0), 10mM MgCl2, 0.5% Triton X-100, 250mM Sucrose, 
1mM phenylmethylsulphonyl fluoride, and 1x Roche proteinase inhibitors), and 500ul of 
Extraction buffer 3 (10mM HEPES (pH8.0), 2mM MgCl2, 0.15% Triton X-100, 1.7M 
Sucrose, 1mM phenylmethylsulphonyl fluoride, and 1x Roche proteinase inhibitors). 
Then, pellets were disrupted by sonication and nuclear proteins were recovered in IP-
Buffer (IP-B: 1mM EDTA, 10% glycerol, 75M NaCl, 0.05% SDS, 100mM Tris-Cl (pH 
7.4), 0.1% Triton X-100, 1mM phenylmethylsulphonyl fluoride, and 1x Roche proteinase 
inhibitors). Protein extracts were incubated with anti-FLAG M2 (Signa) at 4°C for 
overnight and added Dynabeads Protein G (Invitrogen) followed by additional incubation 
at 4°C for 2 hours. Immunoprecipitated proteins were washed three times with IP-B, and 
collected and subsequently boiled in the 2XSDS-PAGE loading buffer, followed by 
Western blotting with anti-FLAG (Sigma), anti-VIN3 (Homemade antibody).  
 
2.2.7 Yeast two-hybrid assay 
The full-length cDNA sequences of JMJ genes, VIN3 and VIL1 were separately 
cloned into the yeast Gateway-compatible Destination vectors, pDEST32 and pDEST22, 
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to examine the interaction between JMJ proteins and VIN3 protein. The interaction 
between VIN3 and VIL1 proteins was used as a positive control for the assay. Different 
combinations of the pDEST32 and pDEST22 constructs were transformed into the yeast 
strain MaV203. The positive strains were selected from a synthetic dropout medium 
minus Leu and Trp (SD-LT) and then used for growth assay on synthetic dropout 
medium minus Leu, Trp, His and Ade (SD-LTHA) supplemented with 3m 3-AT. 
Controls were simultaneously grown on SD (LT) medium.   
 
2.3  Results 
 
2.3.1 H3K4me3 decreases at FLC chromatin by vernalization 
The repression of FLC by vernalization is established by modifications of various 
histone markers (Sung 2004, Yang et al., 2014) and the dynamics of a repressive histone 
marker, H3K27me3, at FLC chromatin during vernalization has been well studied (Jiang 
et al., 2008; Angel et al., 2011). However, how the active histone markers at FLC are 
regulated by vernalization remains unclear. One of active histone markers, tri-methylated 
histone H3 at lysine 4 (H3K4me3) was highly enriched at FLC chromatin before the 
vernalization, and the enrichment was due to the multiple methyltransferases such and 
ARABIDOPSIS TRITHORAX 1 (ATX1), ATX2, and ATX-RELATED 7 (ATXR7) 
(Yun et al., 2012). To address whether the repression of FLC by vernalization 
accompanies changes in the level of H3K4me3, we analyzed the level of H3K4me3 at 
two regions at FLC locus by ChIP (Fig 4). Consistent with the previous report (Yun et al. 
2012), the enrichment of H3K4me3 at FLC around the first exon region (which is 
indicated with P2) was observed before vernalization, and the enrichment decreased 
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significantly during vernalization. This region is known regions to be critical for FLC 
regulations (Sung et al., 2006). This result suggested that the decrease in the level of 
H3K4me3 at FLC chromatin is associated with repression of FLC during vernalization.  
 
2.3.2 JARID/KDM5 group proteins are demethylases specifically targeting tri-methylated 
Histone H3 Lysine 4 
Two types of histone lysine demethylases have been known in eukaryotes: the 
lysine demethylase 1/ lysine-specific demethylase1 (KDM1/LSD1) type and the Jumonji 
C (JmjC) domain-containing demethylases (Lan et al., 2008) (Table1). In Arabidopsis, 
there are four LSD1 homologs, FLOWERING LOCUS D (FLD), LSD1-like (LDL1), 
LDL2 and LDL3 (Jiang et al., 2007). FLD, LDL1, and LDL2 were shown the ability to 
demethylate mono- and di-methylated H3K4 but no ability for tri-methylated H3K4 
(Jiang et al., 2007). However, FLD is known to involve in demethylation of H3K4me3 
together with RELATIVE OF EARLY FLOWERING 6 (REF6/JMJ12) (Ko et al., 2010).   
There are 21 JmjC domain-containing proteins in Arabidopsis (Lu et al., 2008). 
Among the five groups of Arabidopsis JMJ proteins (KDM4/JHDM3, KDM5/JARID1, 
JMJD6, KDM3/JHDM2, JmjC domain-only groups), KDM5/JARID1 group has been 
studied as histone demethylases specifically targeting H3K4 as substrates (Table 4). 
Within the KDM5/ JARID1 group, JMJ15 and JMJ18 have been reported as the 
H3K4me3-specific demethylases targeting FLC chromatin before vernalization (Yang et 
al., 2012a; Yang et al., 2012b). JMJ16 and JMJ19 have not been reported regarding 
demethylases activity. However, the structures of JMJ16 and JMJ19 are very similar to 
JMJ15 and JMJ18, sharing the functional domains JmjN and JmjC domain that are the 
essential catalytic motifs of JmjC domain-containing histone demethylases (Fig 5A, Fig 
5B). JMJ15, JMJ16 and JMJ18 proteins contain the binding residues for alpha-
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ketoglutarate (alpha-KG) and Fe (II) while JMJ19 lacks this co-factor binding residues 
(Fig 5B). 
 
2.3.3 Mutation in JMJ16 and JMJ19 delays flowering under short days with vernalization 
In order to search for the demethylase(s) that function(s) in the vernalization 
pathway, we isolated the T-DNA insertional mutants for four JMJ genes (JMJ15, JMJ16, 
JMJ18, and JMJ19), and measured the flowering time under short day condition (16h 
dark/ 8h dark) with and without 40 days of cold treatment. We excluded JMJ14 from our 
analysis based on the report that JMJ14 directly targets to FLOWERING LOCUS T (FT) 
(Yang et al., 2010). We also excluded JMJ17, based on its structural difference from 
other proteins in the same group. The flowering time of each single jmj mutant was 
indistinguishable from wild-type plants before and after the vernalization except jmj15 
mutant. jmj15 mutant showed the delayed flowering before and after the vernalization 
(Fig 6), but jmj15 mutant showed normal vernalization response, the accelerated 
flowering by vernalization. This result led us to examine the possibility of the redundancy 
among JMJ genes. To obtain clues for genes in redundancy for vernalization response, 
we analyzed the pattern of the relative expression of the KDM5/JARID1 group genes in 
the course of vernalization. Interestingly, two JMJ genes, JMJ16 and JMJ19, showed the 
vernalization-mediated induction. On the other hand, other related JMJ genes, JMJ15 and 
JMJ18, showed decreased or steady level of expression during vernalization (Fig 8). 
Therefore, we chose JMJ16 and JMJ19 as candidate demethylases that may function in 
the vernalization pathway.  
 Because none of the single mutants exhibited defects in their vernalization 
response, we tested the double mutant of JMJ16 and JMJ19 (jmj16;jmj19) for its 
vernalization response. jmj16;jmj19 mutant is a null mutant for JMJ16 and unable to 
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generate a full transcript of JMJ19 (Fig 7). Single jmj16 and jmj19 mutant showed similar 
flowering phenotypes with wild-type while the double mutant jmj16;jmj19 showed 
delayed flowering after vernalization (Fig 9).   
 We next examined the expression profile of the FLC in wild-type and the double 
mutant during vernalization. We collected seedling samples from four time-points of non-
vernalized, 20 days vernalized, 40 days vernalized, and 10 days after 40 days of 
vernalized condition and tested them. jmj16;jmj19 showed elevated FLC expression than 
wild-type at all tested conditions except non-vernalized condition (Fig 10A). As 
expected, the expression of FT in jmj16;jmj19 is lower than wild-type during 
vernalization (Fig 10B). This result implies that the delayed flowering of jmj16;jmj19 
after vernalization associated with the de-repression of FLC during vernalization 
followed by the down-regulation of FT, the major downstream target of FLC.  
In the vernalization pathway, FLC is the main target for the mechanism, although 
there are FLC clade genes, including MAF1/FLM to MAF5, which are controlled by 
vernalization. These FLC clades also participate in the regulation of flowering through 
the regulation of FT (Ratcliffe et al., 2001; Ratcliffe et al., 2003). Another MADS-box 
gene, AGL19, is also reported to involve in the vernalization-mediated flowering, 
independent of FLC pathway (Schönrock et al., 2006). We wonder whether the loss of 
JMJ16 and JMJ19 affects the other genes in the vernalization pathway. We analyzed the 
expression profiles of FLC clade genes and AGL19 during vernalization (three-time 
points: NV, 40V, and T10). Overall patterns of their expression are similar to wild-type, 
suggesting that JMJ16 and JMJ19 mainly function in the regulation of FLC (Fig 11).  
 
2.3.4 JMJ16 and JMJ19 are involved in H3K4me3 regulation at FLC by vernalization  
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We next measured the H3K4me3 enrichment at FLC chromatin in jmj16;jmj19 
and wild-type by vernalization, in which the jmj16;jmj19 double mutant showed the 
elevated FLC expression and the delayed flowering (Fig 9, Fig 10). Consistent with FLC 
expression, we found that the level of H3K4me3 at FLC chromatin are higher in 
jmj16;jmj19 during vernalization at the indicated regions (Fig 12). In particular, the 
reduction in the level of H3K4me3 at FLC by vernalization is impaired in the double 
mutant, indicating that JMJ16 and JMJ19 are responsible for demethylating H3K4me3 at 
FLC chromatin to repress FLC expression during vernalization.   
Results above suggest that JMJ16 and JMJ19, either or both directly associated 
with FLC chromatin to mediate the demethylation of FLC chromatin. To investigate this 
possibility, first, we created the transgenic plants overexpressing JMJ16-3X FLAG and 
used them for Chromatin Immunoprecipitation (Due to the lower expression of the JMJ16 
protein, we generated the overexpressor lines and used them for ChIP). The 35S:: JMJ16-
3XFLAG transgenic plants showed the flowering phenotype similar to wild-type under 
long days (Fig 20). An antibody specific to FLAG was used to precipitate chromatins 
with JMJ16 proteins from wild-type and two independent 35S:: JMJ16-3X FLAG T1 
plants. The JMJ16 was significantly enriched to FLC chromatin in transgenic lines. The 
enrichment mostly occurs at the upstream and the first exon region (P1 and P2) of FLC 
chromatin in all time points of vernalization (Fig 13). This result indicates that JMJ16 
associated with FLC chromatin and the association might be responsible for the 
demethylation of H3K4me3 at FLC chromatin by vernalization. The association of 
JMJ19 with FLC chromatin was also analyzed by ChIP. The enrichment of JMJ19 at FLC 
chromatin was observed in transgenic plants that express JMJ19-FLAG and not in wild-
type plants (Fig 14), indicating that JMJ19 is also associated with FLC chromatin. 
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Collectively, this result is consistent with the functional redundancy of JMJ16 and JMJ19 
in the regulation of FLC by vernalization. 
 
2.3.5 JMJ16 and JMJ19 interact with cold-induced VIN3  
The most upstream regulator in the vernalization pathway that has been identified 
is VIN3, a PHD finger protein that interacts with PRC2 components to repress FLC 
during vernalization (Sung and Amasino, 2004; De Lucia et al., 2008; Wood et al., 2006). 
VIN3 protein is induced by at least 10 to 20 days of cold and repressed to the basal levels 
when plants are returned to the growth temperature (Sung and Amasino, 2004; Fig 15A). 
The repression of FLC by the cold-induced VIN3 and the PRC2 complex is established 
through various chromatin modifications including H3K27me3, H3K36me3, H3K9me2 
and more (Sung and Amasino, 2004; Kim and Sung, 2013). VIN3 has been considered as 
the regulator to control other histone modifications occurred at FLC chromatin such as 
the demethylation of H3K4me3 and the acetylation of H3. However, the mechanism 
about these modifications remains unclear.  
To investigate the involvement of VIN3 to the regulation of H3K4me3 at FLC 
chromatin, we performed the ChIP experiment to analyze the level of H3K4me3 in vin3 
mutant with wild-type as controls. The reduction in the level of H3K4me3 at FLC 
chromatin was not observed in vin3 mutant by vernalization (Fig 15B). This result is 
similar to that in jmj16;jmj19 double mutants (Fig 12). The patterns of the H3K4me3 
level at P2 region of FLC in vin3 mutant and jmj16;jmj19 mutant plants were similar 
during vernalization, showing that the demethylation of H3K4me3 did not occur properly 
and led the de-repression of FLC during vernalization (Fig 12, Fig 15B). This observation 
led us to address the possibility that VIN3 and JMJ16/JMJ19 function in the same 
complex to regulate FLC expression.   
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We performed the yeast two-hybrid analysis to test interactions between VIN3 
and JMJ proteins (JMJ14, JMJ15, JMJ18, and JMJ19). Among JMJ proteins, only JMJ19 
interacted with VIN3 as strong as VIL1 (used as the positive control: Sung et al., 2006) 
(Fig 16). Unfortunately, we could not test the JMJ16 for the interaction with VIN3 at this 
time because JMJ16 was not successfully cloned into the yeast vector. Therefore, we 
analyzed the interaction between JMJ16 and VIN3 proteins later by co-
immunoprecipitation (Co-IP) assay using the transgenic plants that express JMJ16-
FLAG.  As shown in Fig 17, VIN3 were co-immunoprecipitated by JMJ16-FLAG. Our 
results suggested that JMJ16 and JMJ19 proteins interact to VIN3 protein directly.  
 
2.4  Discussion 
In this study, we characterized two novel JmjC domain-containing histone 
demethylases, JMJ16 and JMJ19, that control H3K4me3 at FLC chromatin and are 
involved in flowering time control by vernalization in Arabidopsis. The transcription of 
JMJ16 and JMJ19 were significantly induced in response to cold, and the elevated level 
of transcription was maintained during vernalization and even when returning to warm 
temperature (Fig 8), indicating that these two demethylases carry out the vernalization-
specific functions. Consequently, jmj16;jmj19 double mutant showed the delayed 
flowering when grown under short days after the 40 days of cold treatment (Fig 9) 
without compromising flowering time in the absence of vernalization treatment. The 
expression level of the floral repressor, FLC, was affected in jmj16;jmj19 double mutant 
during vernalization. The vernalization response achieved by repression of the FLC 
transcription by long-term exposure to cold was compromised in jmj16;jmj19 double 
mutant, explained by repression of the FT transcript, the main target gene of FLC (Fig 7). 
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However, the expression of other genes in the vernalization pathway such as FLC clade 
genes (MAF1-MAF5) and AGL19 was not affected (Fig 11). These results suggest that 
JMJ16 and JMJ19 function mainly through the regulation of FLC and FT rather than 
MAFs and AGL19 in Arabidopsis. In addition, JMJ16 and JMJ19 directly interact with 
VIN3 (Fig 16, Fig 17), implying the demethylation of H3K4me3 by JMJ16 and JMJ19 
might require VIN3 to function. Based on these observations, we propose a model for the 
functions of JMJ16 and JMJ19 at FLC during vernalization (Fig 18). In this model, the 
demethylation of H3K4me3 by JMJ16 and JMJ19 occurs at FLC chromatin during 
vernalization in wild-type, changing the chromatin from the active state to the repressive 
state. As a result, FLC chromatin becomes fully repressed with the decreased H3K4me3 
when returning to warm temperature. The absence of JMJ16 and JMJ19 in mutants 
blocks the demethylation of H3K4me3 at FLC chromatin further maintaining the active 
state of chromatin even with vernalization treatment. The role of VIN3 in this model is 
yet unclear, but the interaction between VIN3 and JMJ16/JMJ19 suggests that these 
proteins might form a complex. There are still questions what other genes are controlled 
by JMJ16 and JMJ19 in the flowering pathway or other unknown mechanisms. In order 
to search more target genes of JMJ16 and JMJ19, we would consider a RNA-Seq 
experiment. The comparison of differently expressed genes in the jmj16;jmj19 double 
mutant and wild-type would reveal the additional functions of JMJ16 and JMJ19 that we 
have not found in the previous analysis. In addition, the RNA-Seq experiments using 
single jmj16 and jmj19 mutant are supposed to enlighten the unknown function of JMJ16 
and JMJ19 that were overlooked in the previous study due to the indistinctive phenotype 
of the single mutants.  
In a previous report of the functions of JMJ15, the single mutant of JMJ15 did not 
exhibit any flowering phenotype. Instead, over-expression of JMJ15 results in accelerated 
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flowering under long days and short days with the changes in expression of FLC and FT 
expression (Yang et al., 2012). In addition, the overexpression of JMJ15 brought the 
additional phenotypes such as the enhanced salt tolerance and the repression of genes 
related to the stress tolerance (Shen et al., 2014). Similarly, JmjC-domain only group 
demethylase, JMJ30, did not display the different phenotypes from wild-type in single 
mutants but the over-expression of JMJ30 did display the delayed flowering at the 
elevated temperature condition and significant changes in the regulation of H3K27me3-
related genes (Gan et al., 2014).  
It is a bit difficult to characterize the independent functions of JMJ16 and JMJ19 
when the distinctive phenotype was only observed in the double mutant plant, not in each 
single mutant. Considering the previous several JMJ demethylases reports mentioned 
above, we might try to analyze the transgenic plants expressing JMJ16 and JMJ19 for the 
flowering phenotypes on vernalization and comparison of differentially expressed genes 
from the wild-type plants. Due to lack of clues for the specific or additional functions of 
JMJ16 and JMJ19, genome-wide approaches such as an RNA-Seq experiment might be a 
good start for searching for the genes negatively/positively regulated by overexpression 
of JMJ16 and JMJ19.  
The level of FLC expression in jmj16;jmj19 double mutant during vernalization is 
higher than in wild-type, but the level of FLC in the double mutants still decreased by 
vernalization (Fig 10A), suggesting that additional redundancy among other JMJ proteins 
for the vernalization response. VIN3, the main cold-specific regulator of FLC, represses 
the FLC transcription by the methylation of H3K27me3 (Sung and Amasino, 2004) and 
demethylation of H3K4me3 at FLC chromatin (Fig 12). The vin3 mutant does not 
respond to vernalization and exhibits extremely late flowering phenotype (Sung and 
Amasino, 2004). Compared to the vin3 mutant phenotype, the jmj16;jmj19 double mutant 
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exhibit weaker phenotype. In winter-annual accessions (containing FRI), the loss of each 
methyltransferases ATX1, ATX2, and ATXR7 accelerated flowering time in plants and 
the combination of all loss of methyltransferases caused a synergistic effect on flowering. 
The plants carrying atx1 atx2 atxr7 mutation in FRI background flowered early almost 
like rapid-cycling lines (Yun et al., 2012). This result indicates that there are multiple 
methyltransferases act on the same H3K4me3 at FLC in FRI background plant with 
redundancy. The slight response to vernalization observed in jmj16;jmj19 double mutant 
plants might be due to the existence of the other demethylase(s) in the same flowering 
pathway. To investigate this hypothesis, we are generating the higher order of JMJ 
mutants including jmj16;jmj19 as a background. The partial list of the higher order of 
mutant includes jmj15;jmj16;jmj19, jmj16;jmj17;jmj19, jmj16;jmj18;jmj19. These 
mutants will be tested for the vernalization response in future.  
In this study, we observed that the level of H3K4me3 at FLC chromatin was 
reduced during vernalization in wild-type for the repression of FLC transcription whereas 
the reduction was compromised in the jmj16;jmj19 double mutants (Fig 12). In addition, 
we have found that JMJ16 and JMJ19 proteins were enriched at the same location of FLC 
chromatin (Fig 13, Fig 14). These results suggested the direct H3K4me3 demethylase 
activity of JMJ16 and JMJ19 functioning in the vernalization response. Other H3K4-
specific demethylases, JMJ14, JMJ15 and JMJ18 have been proved their enzymatic 
activities by in vitro assays (Jeong et al., 2009; Yang et al., 2010; Yang et al., 2012a, 
Yang et al., 2012b). JMJ14 has been tested for the demethylase activity of all states of 
histone H3K4, H3K9me3, and H3K36me3 (Jeong et al., 2009) due to the wide range of 
histone substrates for demethylation found in other JMJ proteins (JMJ11: Yu et al., 2008; 
Noh et al., 2004, JMJ12: Noh et al., 2004; Ko et al., 2010; Lu et al., 2011). The results in 
Jeong et al., 2009 indicate that JMJ14 is an intrinsic H3K4-specific demethylase for all 
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three states and does not control other histone substrates. JMJ15 was analyzed for its 
demethylase activity (Yang et al., 2012). Unlike JMJ14, JMJ15 only demethylates tri-
methylated H3K4 and showed no effects on H3K4me2 and H3K4me1, indicating more 
specific function of JMJ15. Interestingly, JMJ18 has displayed the demethylase activity 
for H3K4me3 and H3K4me2 and no activity for H3K4me1 (Yang et al., 2012). The 
results in Yang et al., 2012 also indicated that the linker region between JmjN and JmjC 
domain is important for demethylation of H3K4me2, but no effect on demethylation of 
H3K4me3. In our study, JMJ16 and JMJ19 are highly conserved proteins in the  
KDM5/JARID1 group. However, there are small structural differences present in JMJ16 
and JMJ19. Especially, JMJ19 protein lacks the co-factor-binding residues that were 
shared among all KDM5/JARID1 group proteins.  Therefore, the further analysis of the 
demethylase activity of JMJ16 and JMJ19 is essential, and the analysis of enzymatic 
activity for the each histone substrate should be followed to understand the functions of 
JMJ16 and JMJ19.  
Previously, the JmjC domain-containing proteins have displayed the unique 
spatial expressions related to their functions. For example, the expression of JMJ14 is 
restricted in leaves to repress flowering by decreasing the expression of the floral 
integrators including FT, SOC1, LFY, and AP1 (Jeong et al., 2009; Lu et al., 2010; Yang 
et al., 2010). JMJ18 is specifically expressed in vascular tissue to target the FT for 
flowering time control and the expression of JMJ18 is developmentally regulated (Yang 
et al., 2012). These studies indicate that the organ/tissues in which JMJ proteins express 
might reveal the information of possible target genes of JMJ proteins. The expression 
level of JMJ16 and JMJ19 in seedlings was relatively low before the vernalization (Fig 
19) and became higher during the vernalization (Fig 8). The further study of the tissue-
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specific expression of JMJ16 and JMJ19 might reveal epigenetic information about the 








Figure 4. Decreased level of H3K4me3 at FLC chromatin during vernalization 
(A) A schematic representation of the genomic structure of FLC and positions of 
the primers used in ChIP assays are indicated (P1~P4). (B) The levels of enrichment of 
H3K4me3 at FLC chromatin in FLC_Col (WT), during vernalization. Data (mean ± SD 
of quantitative PCR: n=3). Non-vernalized; NV, 40 days of vernalization; 40V, and 40 
days of vernalization followed by 10 days of normal growth temperature; T10. (two tailed 




































































Figure 5. The phylogenetic relationships among KDM5/JARID1 group proteins and 
specific residues and domains on KDM5/JARID1 proteins  
(A) Phylogenic relationships among KDM5/JARID1 group proteins (B) Partial 
sequence alignment of four closed JARID proteins in Arabidopsis. Solid line, dotted line, 
arrows, and gray box indicate JmjN domain, JmjC domain, alpha-Ketoglutarate-binding 










Figure 6. Vernalization responses in single mutant plants of JMJ genes  
(A) The flowering of wild-type (Col) and the single mutant plants of JMJ15, 
JMJ16, JMJ18, and JMJ19 with vernalization treatment (indicated by 40V) and without 
vernalization treatment (indicated by NV). (B) An average number of leaves at the time 







Figure 7. Characterization of jmj16;jmj19 double mutant  
(A) A schematic representation of the genomic structure of JMJ16 (bottom) and 
JMJ19 (top) and positions of the primers used to detect the full transcript of JMJ19 are 
indicated (F1 and R1). (B) The levels of JMJ16 and JMJ19 full transcripts in WT and 
jmj16;jmj19 mutant. (C) The level of JMJ19 full transcript was not detected in 












































Figure 8. The expression of JMJ16 and JMJ19 are increased during vernalization  
Relative expression of JMJ genes (JMJ15, JMJ16, JMJ18, and JMJ19) during 
vernalization. Non-vernalized; NV, 20, 40 days of vernalization; 20V, 40V, and 40 days 
of vernalization followed by 10 days of normal growth temperature; T10. (two tailed 






































Figure 9.  Defect in vernalization responses in jmj16 and jmj19 double mutant 
(A) The flowering of wild-type (Col) and the single mutant plants of JMJ16 and 
JMJ19 genes and the double mutant of JMJ16 and JMJ19 with vernalization treatment 
(40V). (B) Flowering time of wild-type, jmj16, and jmj19 plant with vernalization 
treatment. (C) The vernalization responses of wild-type and the jmj16;jmj19 double 
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Figure 10. De-repression of FLC in the jmj16;jmj19 double mutant during vernalization. 
(A) Relative expression of FLC in wild-type and double mutant plant during 
vernalization. (B) Relative expression of FT in wild-type and double mutant plant during 
vernalization. (C) Relative transcription level of FLC and FT in wild-type and double 
mutant from two-time points (NV: non-vernalized, 40V: 40 days of vernalization) by 

















































































Figure 11. Expression profiles of FLC clade genes and AGL19 in wild-type and the 
jmj16;jmj19 double mutant  
Relative expression of FLM, MAF2, MAF3, MAF4, MAF5, and AGL19 in wild-
type and the jmj16;jmj19 double mutant plant during vernalization. Non-vernalized; NV, 
40 days of vernalization; 40V, and 40 days of vernalization followed by 10 days of 
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Figure 12.  The reduction of H3K4me3 at FLC chromatin in wild-type during 
vernalization is affected by the loss of JMJ16 and JMJ19. 
 
 The level of enrichment of H3K4me3 at FLC chromatin (P1 and P2 region) in 
wild-type (WT) and the double mutant plant of JMJ16 and JMJ19 (jmj16;jmj19) during 
vernalization. Data (mean ± SD of quantitative PCR: n=3). Non-vernalized; NV, 40 days 
of vernalization; 40V, and 40 days of vernalization followed by 10 days of normal 
































Figure 13.  Enrichment of JMJ16-FLAG at FLC chromatin in wild-type and two 
independent JMJ16 transgenic plants.  
 
 The level of enrichment of JMJ16-FLAG at FLC chromatin in wild-type (WT) 
and the two transgenic plants that are expressing JMJ16-FLAG during vernalization. The 
location of primers is indicated by P1~P4. Data (mean ± SD of quantitative PCR: n=3). 
Non-vernalized; NV, 40 days of vernalization; 40V, and 40 days of vernalization 



































Figure 14.  Enrichment of JMJ19-FLAG at FLC chromatin in wild-type and JMJ19 
transgenic plants.  
 
 The level of enrichment of JMJ19-FLAG at FLC chromatin in wild-type (WT) 
and the T1 transgenic plants that are expressing JMJ19-FLAG. The location of primers is 
indicated by P1~P4. Data (mean ± SD of quantitative PCR: n=3). (two tailed Student’s t-
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Figure 15. The reduction of H3K4me3 at FLC chromatin in wild-type during 
vernalization is affected by the loss of VIN3. 
 
(A) Expression profiles of VIN3 during vernalization (B) The levels of enrichment 
of H3K4me3 at FLC chromatin in wild-type (WT) and the vin3 (vin3-1) mutant during 


































































of vernalization; 40V, and 40 days of vernalization followed by 10 days of normal 
growth temperature; T10. (two tailed Student’s t-test, * : p < 0.05 , ** : p < 0.01) 
 
 
Figure 16. The interaction between JMJ19 and VIN3 was determined by yeast two-hybrid 
assay 
The full-length cDNA sequences of JMJ genes were cloned into the yeast vectors 
pDEST22 (AD) and pDEST32 (BD). The direct interaction between JMJ19 and VIN3 
was detected by yeast two-hybrid assay. pDEST22: AD, pDEST32: BD.-LT(double drop 
out; Leu ,Trp),-LTHA (quadruple dropout; Ade, His, Leu, Trp) with 10mM 3-AT(3-
Amino-1,2,3-trizole)  The interaction of VIN3 and VIL1 was used as a positive control. 
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Figure 17. The interaction between JMJ16 and VIN3 was determined by co-
immunoprecipitation assay 
The full-length JMJ16–3XFLAG transgene was introduced into wild-type plants. 
The transgenic plants expressing JMJ16 with FLAG were used to determine the 
interaction of the full-length JMJ16 with VIN3 by co-immunoprecipitation. The protein 
extract for co-IP was isolated from 40 days-vernalization treated seedling in which VIN3 
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Figure 18. Model for the functions of JMJ16 and JMJ19 associated with VIN3 at FLC 
chromatin during vernalization    
 The demethylation of H3K4me3 by JMJ16 and JMJ19 occurs at FLC chromatin 
during vernalization in a wild-type plant, changing the chromatin from active state to 
repressive state. As a result, FLC chromatin becomes fully repressed with decreased 
H3K4me3 when returning to warm temperature. The absence of JMJ16 and JMJ19 in 
mutants blocks the demethylation of H3K4me3 at FLC chromatin further maintaining the 

















Figure 19. The JMJ genes are expressed at a low level, except for JMJ18.      
 The relative expression of JMJ genes (JMJ15, JMJ16, JMJ18, and JMJ19) in Col-






























Figure 20. Flowering phenotype of 35S::JMJ16-FLAG under long day 
(A) Flowering of wild-type (Col) and the 35S::JMJ16-FLAG transgenic plant 
under long days (B) An average number of leaves at the time of flower in wild-type (Col) 























Chapter 3. Characterization of two deacetylases involved in flowering 
under short days  
3.1  Introduction 
In eukaryotes, epigenetic mechanisms including post-translational modifications 
of histones play important roles in plant development and responses to the environmental 
changes through regulation of genes. The multiple residues of histone can be modified by 
acetylation, methylation, phosphorylation, ubiquitination, and sumoylation by enzymes 
and chromatin-associated factor (Berger, 2007). These modifications are reversible, and 
the antagonistic histone-modifying enzymes balance the degrees of modifications. 
Histone acetylation/deacetylation is tightly linked to the expression of genes that are 
regulated by counteracting enzymes, histone acetyltransferase (HAT) and histone 
deacetylase (HDAC) (Liu et al., 2014).  Hypoacetylated histone and hyperacetylated 
histone are associated with the gene repression and the gene activation, respectively.  
HDAC in eukaryotes are grouped into three families based on the phylogenetic 
distance: reduced potassium dependency-3/histone deacetylase-1 (RPD3/HDA1), histone 
deacetylases-2 (HD)-tuin, and silent information regulator-2 (SIR2) (Yang and Seto, 
2007; Liu et al., 2014). Arabidopsis has 18 HDACs that are assigned twelve proteins in 
the RPD3/HDA1 group, four proteins in HD-tuin group, and two proteins in the SIR2 
group. The RPD3/HDA1 group proteins are the most studied HDACs. The proteins in 
this group are involved in various biological processes including development, 
reproductive processes, hormone signaling and DNA methylation (Liu et al., 2013; 
Cigliano et al., 2013; Zhou et al., 2005; Long et al., 2006; Aufsatz et al., 2002; Ryu et al., 
2014). The HD-tuin group proteins are plant-specific deacetylases, and four proteins in 
this group have been reported for their functions in plant development and stress 
responses (Wu et al., 2000; Zhou et al., 2004; Sridha et al., 2006; Luo et al., 2012). The 
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SIR group contains two deacetylases, SRT1 and SRT2, which are regulating 
mitochondrial energy metabolism and cellular dedifferentiation, respectively (Lee et al., 
2016; König et al., 2014).  
Flowering in Arabidopsis is one of the well-known epigenetic mechanisms 
responding to the environmental cues through histone modifications on genes. The FLC 
chromatin is heavily modified with multiple histone modifications, including histone 
deacetylation (He et al., 2003; Jiang et al., 2007; Liu et al., 2007). HDA6 controls  
flowering time by increasing histone H3 acetylation and H3K4 tri-methylations at FLC 
chromatin (Yu et al., 2011). HDA6 interacts with FLD and HDA5 to form an HDAC 
complex (Luo et al., 2015). The loss of HDA6 and its interacting proteins in the HDAC 
complex result in the delayed flowering (Yu et al., 2011; Luo et al., 2012). Unlike HDA6, 
another deacetylase, HDA9 controls flowering time by targeting AGAMOUS-LIKE 19 
(AGL19) and FT (Kang et al., 2015). The loss of HDA9 causes early flowering under 
short days and the increased acetylation level in AGL19 locus (Kang et al., 2015; Kim et 
al., 2013). However, the involvement of histone deacetylases in the flowering mechanism 
remains unclear.  
In this study, we characterized the two deacetylases, SRT1 and HDT1, and 
investigated their effects on flowering time under short days conditions. Two T-DNA 
insertion mutant srt1 and hdt1 showed early flowering and delayed flowering under short 
days respectively but showed no clear difference with wild-type plant under long days.  
The flowering phenotype of the mutants is linked to the changes in expression of floral 
genes under short days, indicating that SRT1 and HDT1 are involved in flowering control 
by regulating gene expression. The further studies on SRT1 and HDT1 would provide us 
with more clues to understand the flowering time control through deacetylases under 
short days.  
 62 
3.2  Material and Methods 
3.2.1 Plant materials and growth conditions 
The Arabidopsis (Arabidopsis thaliana) Columbia-0 (Col-0) was used as the 
wild-type in this study. srt1 (Sail_552_E02), hdt1 (Salk_209141C) were used in this 
study. Standard growth conditions were 22°C under illumination with white fluorescent 
light. The photoperiodic cycle was 16 hours light/ 8 hours dark (long days) or 8 hours 
light/ 16 hours dark (short day). For the vernalization treatments, the surface of seeds was 
sterilized and spread on agar-solidified germination medium, and grown for 10 days in a 
22°C growth chamber of short day condition and transferred to 4°C growth chamber for 
40 days under short-day photoperiods.     
3.2.2 T-DNA insertion mutant screening 
T-DNA insertion mutants of SRT1 (AT5G55760) and HDT1 (AT3G44750) were 
ordered from the Arabidopsis Biological Resource Center (ABRC). Primers were 
designed to amplify the specific sequences upstream and downstream of the T-DNA 
insertion and used with T-DNA specific primers for following PCR. To amplify the T-
DNA insertions of SRT1 and HDT1, LB3 (5’-
TAGCATCTGAATTTCATAACCAATCTCGATACA-3’) and o8474 (5’-
ATAATAACGCTGCGGACATCTACATTTT-3’) were used with gene-specific primers 
for PCR, respectively. Two PCR experiments were performed in sequence to identify 
individuals that were homozygous or heterozygous for the T-DNA insertion. The sizes of 
the T-DNA insertion bands were determined by the position of the primer in each gene. 
More than 3 individual lines of each mutant of SRT1 and HDT1 were collected and 








HDT1 HDT1-LP GAAGCCTGCATCAAGCAAGAA 
 HDT1-RP GCCAACAGATTTGTGGAAACAG 
   
Table 5.  Gene-specific primers used for genotyping 
 
3.2.3 Flowering time analysis 
Seeds on plates were stratified at 4°C for two days before being transferred to a 
short day growth chamber at 22°C for seven to ten days. In a short day chamber, plates 
were exposed to 8 hours light/ 16 hours dark per day. Seedlings were then transplanted 
before cold exposure to be used as a non-vernalized, NV sample. Some seedlings were 
transferred to 4°C refrigerator (complete with a light cycle set at 8 hours light/16 hours 
dark per day) to be treated with vernalization. Seedlings on plates were exposed to 40 
days of vernalizing cold. Additionally, plates were brought back to the 22°C short day 
growth chamber for 10 days after 40V. Ten to twelve seedlings of each line of each time 
points were transplanted to the soil to be used as a 40days-vernalized sample, 40V. 
Rosette leaves of the plants were counted, and an average of the number amongst 
replicates was used to determine the flowering phenotype under each condition and lines.   
 
3.2.4 RNA extraction and quantitative real-time PCR analysis 
Ten-day-old seedlings were harvested for RNA extraction. Total RNA was 
extracted using the TRIzol Reagent (Thermo Fisher Scientific). Before reverse 
transcription, total RNA was treated for 30 minutes at 37C with RNase-free DNases I 
(Invitrogen) to eliminate contaminated genomic DNA, and then total RNA (2 to 3 
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microgram) was used for cDNA synthesis using M-MLV reverse transcriptase 
(Promega). Quantitative real-time PCR reaction was done using SYBR green dye 
reaction mixture (Applied Biosystems) according to the manufacturer’s instructions. 
Real-time PCR reaction was performed on ViiA 7 Real-Time PCR system (Thermo 
Fisher Scientific). PCR primers used for quantitative real-time PCR analysis are listed in 
Table 2. The relative expression level of each gene was normalized using PP2A 
(AT1G13320) as described previously (Czechowski et al., 2005).  
 
Gene Name Sequence (5' to 3') 
FLC FLC-real-F GCCAAGAAGACCGAACTCATGTTGA 
FLC-real-R CAACCGCCGATTTAAGGTGGCTA 
FT FT-real-F GCTACAACTGGAACAACCTTTGGCA 
 FT-real-R GGCCGAGATTGTAGATCTCAGCAA 
PP2A PP2A-real-F TATCGGATGACGATTCTTCGTGCAG 
PP2A-real-R GCTTGGTCGACTATCGGAATGAGAG 
   
Table 6  Primers used for RT-PCR in this study 
 
3.3  Results 
 
3.3.1 Characterization of T-DNA mutants  
We first isolated a mutant carrying a T-DNA insertion in the middle of the SRT1 
(Sail_552_E02: T-DNA in the fifth intron) and named srt1. Later, we isolated more 
alleles of the SRT1 gene, however, we focused on the first allele, srt1, for the flowering 
time analysis. We performed RT-PCR for the SRT1 transcript to determine this allele is 
the null allele and the result displayed that srt1 mutant did not express the SRT1 
transcript, indicating that srt1 is a null mutant (Fig 21). We also isolated a mutant 
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carrying a T-DNA insertion in the third exon of the HDT1 (Gabi_355_H03: T-DNA in 
the third exon) and named hdt1. Similar to the approach to study srt1, we focused on the 
first identified allele and the alleles identified later (hdt1-2, hdt1-3) were maintained for 
the future research. hdt1 mutant displayed the greatly decreased level of HDT1 transcript 
but still a bit detectable level in RT-PCR. However, the full transcript of HDT1 was not 
detectable in hdt1 mutant by PCR (Fig 22).   
 
3.3.2 srt1 mutant exhibits early flowering under short days 
 To investigate the function of SRT1 in the flowering pathway, we measured the 
number of leaves at flowering in wild-type and srt1 mutant grown under short day 
condition (8h/16h light/dark) without vernalization. The srt1 mutant generated the 
reduced number of leaves at flowering compared to the wild-type indicating that the srt1 
is an early flowering mutant under short days (Fig 23). The distribution of leaves 
numbers of the srt1 mutant and wild-type also showed that srt1 mutant mostly flowered 
before the number of leaves reached 50 whereas wild-type flowered when the number of 
leaves becomes more than 50 (Fig 23). We further investigated the effect of vernalization 
on the early flowering phenotype of the srt1 by measuring leaves numbers of plants 
grown under short days after the 40 days of cold treatment when seedling stage. The srt1 
still flowered a bit earlier than wild-type, however, the early flowering phenotype was 
diminished in the srt1 treated with vernalization (Fig 24). Because of this observation that 
vernalization corrected the early flowering of srt1, we tested whether srt1 also flowers 
early under other conditions, such as long days, or srt1 only displays the early flowering 
phenotype only under short days. We measure the number of leaves at the flowering of 
srt1 and wild-type grown under long days (16h/8h light/dark) and observe that srt1 
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flowered normally similar to wild-type (Fig 25). These results indicated that srt1 flower 
early specifically under short days and vernalization corrects the loss of SRT1.  
 
3.3.3 Molecular characterization of srt1 mutant 
 Due to the early flowering phenotype of srt1, we assumed that the expressions of 
several floral genes were affected in srt1. To test this, we performed RT-PCR to 
determine the level of FLC and FT transcript in srt1 with wild-type control. As we 
expected, the level of FLC was decreased, and the level of FT was slightly increased in 
srt1 (Fig 26). Previously, the repression of FLC expression in the different allele of the 
srt1 (Salk_092181) has been reported (Bond et al., 2012) and srt1 srt2 RNAi 
mutant/knockout plants exhibited a lower level of FLC transcript than each single mutant 
suggesting SRT1 and SRT2 function redundantly on FLC regulation.  Therefore, it is 
needed to generate the double mutant of SRT1 and SRT2 to confirm the regulation of FLC 
by these two SIR class histone deacetylases under short days for further study.  
  
 
3.3.4 hdt1 mutant exhibits late flowering under short days 
 In order to study the function of HDT1 in flowering control, we measured the 
number of leaves at flowering in wild-type and the hdt1 mutant grown under short day 
condition (8h/16h light/dark) without vernalization. We observed that hdt1 flower 
slightly later than wild-type plant under short day (Fig 27). The average number of leaves 
in hdt1 was slightly higher than wild-type. However, the distribution of leave numbers of 
hdt1 displayed that some pool of hdt1 mutant plants showed clearly delayed flowering 
and some were not. This observation raised the possibility that phenotype of hdt could be 
affected by other factors such as the redundancy with other HDT1 genes or conditional 
effects from the experiment.  
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We then tested the effect of vernalization on this slightly late flowering phenotype 
of the hdt1 by measuring leaves numbers of plants grown under short day after the 40 
days of cold treatment. As a result, the slightly late flowering of hdt1 was corrected after 
the vernalization treatment (Fig 28). Similar to the distribution of leave number of hdt1 
under short days without vernalization, some pool of the hdt1 with vernalization also 
displayed the late-flowering, and some were not. The reason for the broad distribution of 
flowering phenotype of the hdt1 including the wild type like mutants and clear late-
flowering mutants in one pool remains unclear. To confirm the late-flowering phenotype, 
the further investigation is required. We measure the number of leaves at flowering of 
hdt1 and wild-type that was grown under long days (16h/8h light/dark) and observe hdt1 
flowered normally similar to wild-type (Fig 29). 
 
3.3.5 Molecular characterization of the hdt1 mutant 
 In order to characterize the late flowering phenotype of the hdt1 under a short 
day, we measured the expression of two floral genes, FLC and FT, in hdt1 and compared 
with those of wild-type. We performed RT-PCR to determine the level of FLC and FT 
transcript in the hdt1 and wild-type control. As a result, the level of FLC transcript was 
slightly increased, and the level of FT was decreased in the hdt1 (Fig 30). The changes in 
expression of FLC and FT, were subtle in the hdt1, explaining the mild flowering 




 In this study, we found two deacetylases exhibited the distinct flowering 
phenotypes of the mutants specifically grown under short days. The mutant of SRT1 
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exhibited the accelerated flowering, and the mutant of HDT1 exhibited the delayed 
flowering (Fig 23, Fig 27). The roles of deacetylases in flowering control have not been 
studied thoroughly, and only a few deacetylases have been reported for their functions in 
flowering. HDA6 is one of the well-studied deacetylases in Arabidopsis, and the role of 
HDA6 in flowering is to repress the expression of FLC and other FLC clade genes (Yu et 
al., 2011). Interestingly, HDA6 repress the expression of FLC through the interaction 
with the histone demethylase, FLD, and another demethylation complex. Therefore, the 
loss of HDA6 in mutant caused the delayed flowering by the increased levels of histone 
H3 acetylation as well as H3K4 trimethylation (Yu et al., 2011). Another deacetylase, 
HDA5, is involved in flowering time control to regulate the expression of FLC. However, 
the HDA5 functioned through the interaction with HDA6 and played a similar role to 
HDA6 (Luo et al., 2015), indicating that two known deacetylases are associated with the 
same flowering mechanism. Since the mutants of HDA5 and HDA6 have a delayed 
flowering phenotypes under both long days and short days, the roles of two deacetylases 
are rather the general control of FLC expression than the specific control governed by the 
particular condition. Compared to roles HDA6 and HDA5, the roles of SRT1 and HDT1 
appear more specific under short days. srt1 and hdt1 showed the early and late-flowering 
phenotypes under short days, and the mutant flowered similar to wild-type when grown 
under long days (Fig 23, Fig 25, Fig 27, Fig 29). These results suggest that the genes 
affected by the loss of SRT1 or HDT1 might be specific genes function only under short 
days for which the further studies are required.   
Conventionally, the role of HDACs has been considered to be associated with 
inactive genes and inhibitor of active genes. However, the level of FLC transcripts was 
reduced in srt1 (Fig 26). Thus, we assume that the role of SRT1 at FLC is not a 
conventional repressor or SRT1 might negatively regulate the unknown upstream 
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regulator of FLC. The main repressor of FLC in the vernalization pathway, VIN3, was 
analyzed as a target SRT1 and SRT1 in the previous study (Bond et al., 2009). However, 
the level of VIN3 was not altered in srt2 single mutant and srt2 mutant /SRT1synmiRNAi 
plants. In addition, there was no change in expression of genes from the autonomous 
pathway or components of PRC2 complex in the srt2 mutant /SRT1synmiRNAi plants 
(Bond et al., 2009), indicating that the SRT1 does not control the known FLC regulator in 
either the vernalization pathway or the autonomous pathway, rather controls unknown 
FLC regulator. Also, srt1 plants responded to vernalization treatment. In order to search 
for the genes under the control of SRT1, we would consider an RNA-Seq experiment 
using srt1 and analyze the differentially expressed genes in srt1 and wild-type. We 
consider to investigating srt2 for flowering time control as well as the possible 
redundancy of SRT2 with SRT1.  
The HD-tuin type of HDACs was first discovered in maize (Lusser et al., 1997). 
Three genes encoding HD-tuin HDAC in maize and four genes in Arabidopsis have been 
found by a comparative analysis (Dangl et al., 2001). HD-tuin HDACs are present only in 
higher plant species, and this specificity to plants suggests the unique features and 
functions of proteins in this group (Grandperret et al., 2014). The study of maize HD-tuin 
protein revealed that it tightly bound to chromatin, and they are located mostly in the 
nucleolus, sharing homology with other nucleolar proteins (Lusser et al., 1997). Thus, the 
maize HD-tuin protein was considered to be involved in rDNA chromatin organization 
and expression. The Arabidopsis HD-tuin proteins, HDT1, HDT2, HDT3, and HDT4, are 
supposed to be involved in the repression of transcription as well. However, little is 
known about the mechanism of HD-tuin proteins, possible interacting partners, and 
downstream targets (Wu et al., 2000). It was reported that the silencing of HDT1 resulted 
in aborted seeds without general pleiotropic effects (Wu et al., 2000) and ectopic 
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expression of HDT1 resulted in some pleiotropic developmental defects (Zhou et al., 
2004). HDT2 and HDT3 appeared to have identical spatial expression patterns and 
nucleolar localization with HDT1 (Zhou et al., 2004) and the suppression of HDT1 by an 
antisense construct also partially suppressed the expression of other HD-tuin genes (Wu 
et al., 2000), implying that they might carry the similar functions under the redundancy. 
These previous reports about HD-tuin proteins guide the future direction of our study in 
two ways. First, to analyze the flowering phenotypes of the higher order of mutants of 
HDT1~3 genes might reveal the clear redundancy of these proteins in flowering time 
control. Since overexpressor of HD-tuin proteins displayed great abnormalities in 
development (Zhou et al., 2004), it might give us more reliable information to generate 
the higher order of mutant, hdt1 hdt2 hdt3, and to analyze the short day flowering 
phenotype of the triple mutant. Second, we would consider a ChIP-Seq experiment using 
the HDT1 transgenic plant. HDT1 is localized in the nucleus (Zhou et al., 2004) and 
show pleiotropic effects when it is over-expressed, indicating that HDT1 may function in 
multiple developmental processes. Due to the specificity of HD-tuin protein in plant 






Figure 21. Characterization of srt1 mutant 
(A) A schematic representation of the genomic structure of SRT1 and positions of 
the T-DNA insertion and primers used to detect the full transcript of SRT1 are indicated 

































Figure 22. Characterization of hdt1 mutant 
(A) A schematic representation of the genomic structure of HDT1 and positions of 
the T-DNA insertion and primers used to detect the full transcript of HDT1 are indicated 



































Figure 23. Flowering phenotype of srt1 mutant under short days without vernalization 
(A) The flowering of wild-type (Col) and the srt1 mutant under short days (B) An 
average numbers of leaves at the time of flower in wild-type and the srt1 mutant. (C) The 











































































Figure 24. Flowering phenotype of srt1 mutant with vernalization treatment 
(A) The flowering of wild-type (Col) and the srt1 mutant with 40 days of 
vernalization treatment grown under short days (B) An average numbers of leaves at the 
time of flower in wild-type and srt1 mutant. (C) The distribution of the leave numbers in 
























































Figure 25. Flowering phenotype of the srt1 mutant under long days 
(A) The flowering of wild-type (Col) and the srt1 mutant under long days (B) An 






Figure 26. Repression of FLC and FT in the srt1 mutant 
(A) Relative expression of FLC in wild-type and the srt1 mutant (B) Relative 

























































Figure 27. Flowering phenotype of the hdt1 mutant under short days without 
vernalization 
(A) The flowering of wild-type (Col) and the hdt1 mutant under short days (B) An 
average number of leaves at the time of flower in wild-type and hdt1 mutant. (C) The 






Figure 28. Flowering phenotypes of the hdt1 mutant under short days without 
vernalization 
(A) The flowering of wild-type (Col) and the hdt1 mutant under short days (B) An 
average number of leaves at the time of flower in wild-type and the hdt1 mutant. (C) The 





Figure 29. Flowering phenotypes of hdt1 mutant under long day 
(A) The flowering of wild-type (Col) and the hdt1 mutant under long days (B) An 












Figure 30. Expression of FLC and FT in the hdt1 mutant 
(A) Relative expression of FLC in wild-type and the hdt1 mutant (B) Relative 
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